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ABSTRACT 



Laser devices including a rough and a fine adjustment 
etalons are controlled for wavelength stabilization. Fur- 
ther, a power monitoring mechanism may be provided 
for measuring the output power of the laser beam, and 
the rough adjustment etalon is selectively controlled in 
response to the power monitoring mechanism or to the 
calculation means. Alternatively, a separate light source 
oscillating at a wavelength different from the oscillation 
wavelength of the laser resonator emits light which is 
split into two parts by a beam splitter. The beams of 
light emitted from the light source and reflected by the 
rough adjustment etalon are received by a pair of pho- 
tosensors, and the rough adjustment etalon is controlled 
so as to minimize the differential output of the two 
photosensors. 

9 Claims, 16 Drawing Sheets 
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generated by the light 18 the bandwidth of which is 
narrowed only via the rough adjustment etalon 5. A 
second etalon control mechanism 24 controls and 
changes the transmission wavelength of the rough ad- 
justment etalon 5 by adjusting the gap length d or the 
angle of the rough adjustment etalon 5 such that the 
interference fringes form in the second interference 
fringe detector 20 are adjusted to the interference fringe 
pattern corresponding to a predetermined oscillation 
frequency of a laser beam. A selection control mecha- 
nism 25 determines whether it is necessary to control 
the rough adjustment etalon 5 and fine adjustment eta- 
lon 6, and when it is necessary, judges the priority of the 
control thereof. 

The method of operation of the laser device is as 
follows. The light generated in the laser medium 2 
bounces back and forth between the totally reflective 
mirror 3 and partially reflective mirror 4 and thus is 
amplified within the laser resonator 1. The amplified 
light goes out of the laser resonator 1 as the laser beam 
7. Since the rough adjustment etalon 5 and fine adjust- 
ment etalon 6 are inserted within the laser resonator 1, 
the oscillation bandwidth is narrowed, and hence a 
substantially monochromatic laser beam 7 can be ob- 
tained. 

The principle of bandwidth narrowing by means of 
the rough adjustment etalon 5 and fine adjustment eta- 
lon 6 is as follows. FIG. 4 shows the principle by which 
the oscillation bandwidth of laser beam is narrowed. 
FIG. 4(a) shows the spectral transmission characteristic 
of the rough adjustment etalon 5. The central transmis- 
sion wavelength Xmi are given by the following equa- 
tion (1) 



LASER DEVICE WITH OSCILLATION 
WAVELENGTH CONTROL 

BACKGROUND OF THE INVENTION 

This invention relates to laser devices, and more par- 
ticularly to mechanism for stabilizing the oscillation 
wavelength of the laser beams of laser devices. 

Laser devices such as excimer lasers and some of the 
solid state lasers including semiconductor lasers have 
relatively wide oscillation bandwidths. Thus, when 
laser beams of such laser devices are utiliied for fine 
machining, etc., the chromatic aberrations generated by 
converging lenses cause problems. It has therefore been 
proposed to insert etalons within the laser resonator of ^ 
the laser device so as to narrow the bandwidth of the 
laser beam and obtain a substantially monochromatic 
laser beam. 

FIG. 1 shows such a laser device which is disclosed, 
for example, in Japanese Laid-Open Patent Application 20 
(Kohai) No. 1-205488. A laser resonator 1 consists of a 
laser medium 2, a totally reflective mirror 3, and a par- 
tially reflective mirror 4. Within the laser resonator 1 
there are disposed a rough adjustment etalon 5 which 
roughly selects and narrows the bandwidth of the laser 25 
beam, and a fine adjustment etalon 6 which further 
narrows and determines the wavelength of the laser 
beam. As shown in FIG. 2, each of these etalons com- 
prises a pair of parallel transparent plates $a opposing 
each other across a gap d. A reflective coating Sb is 30 
formed on the opposing surface of each of the plates 5a. 
The central transmission wavelength of the etalons can 
be adjusted by changing the gap d between the plates Sa 
or the angle of the etalons with respect to the laser 
beam. The laser beam 7 is outputted from the laser 35 
resonator 1 after being narrowed in bandwidth via the 
rough adjustment etalon 5 and fine adjustment etalon 6. 
A first interference fringe detector 9 detects the inter- 
ference fringes formed by the laser beam 7 reflected by 
the partially reflective mirror 8. As shown in FIG. 3, 40 
the first interference fringe detector 9 comprises: an 
integrator 10 for weakening and diffusing the light for 
forming the interference fringes, an etalon 11, a lens 12, 
an imaging element 13 for detecting the positions where 
the light concentrates, and an image processing unit 14. 45 
A first etalon control mechanism 15 adjusts the trans- 
mission wavelength of the fine adjustment etalon 6 by 
changing the gap length d or the angle of the fine ad- 
justment etalon 6 so as to adjust the interference fringes 

to the predetermined interference fringe pattern of a 50 are known as free" spectral regions (FSR), which are 
laser beam having a predetermined oscillation wave- g j Ven \y y the following equation (2): 
length. 

A light source 16 emits light the bandwidth of which FSR\=\m\ 2 /2n\d\cosd\ (2) 

is narrowed only by means of the rough adjustment 
etalon 5. The light pencil 18 emitted from the light 55 
source 16 is converged by a converging lens 17 and goes 
through the rough adjustment etalon 5 to be narrowed 
in its bandwidth. A second interference fringe detector AXi«J5*i/Fi (3) 

20 detects the interference fringes formed by the light 

pencil 18 emitted from the light source 16 after trans- 60 where Fi is a value known as finesse which is deter- 
mined by the performance of the etalon. 

On the other hand, FIG. 4{c) shows the spectroscopic 
characteristic of the gain of the laser medium 2. If the 
etalons are not disposed within the laser resonator 1, the 
light is amplified in the bandwidth range where the gain 
is present, and hence a laser beam of wide oscillation 
bandwidth is generated. There is inserted, however, the 
rough adjustment etalon 5, and the parameters (such as 



A/n|— 2 n\d\ cos 6\/m\ 



(1) 



wherein: 

ni represents the reflectivity of the material filling the 
space between the two mirror surfaces of the etalon; 

dj represents the distance between the two mirror 
surfaces of the etalon; 

Q] represents the incident angle of the laser beam on 
etalon; and 

mi is an integer whose distinct values correspond to 
the respective transmission peaks of the etalon. 

As can be clearly seen from this equation, the wave- 
lengths at the transmission peaks can readily be adjusted 
at will by changing the values of m, dw and d\. On the 
other hand, the region between the transmission peaks 



Further, the half value width of the transmission 
peaks A\] is given by the following equation (3); 



mining through the rough adjustment etalon 5 and 
reflecting at the reflection mirror 19. As shown in FIG. 
3, the second interference fringe detector 20 comprises 
a lens 21 for forming the interference fringes, an imag- 
ing element 22 for detecting the positions where the 65 
light is concentrated, and an image processing unit 23. 
The interference fringes formed on the imaging element 
22 within the second interference fringe detector 20 are 
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di) of the rough adjustment etalon 5 are selected such Not only the peak transmission wavelength of the 
that one and only one transmission peak position Ami of rough adjustment etalon 5, but also that of the fine 
the rough adjustment etalon 5 is within the gain region adjustment etalon 6 is shifted as shown by the dotted , 
of the laser medium 2. In the case shown in the figure, curve in FIG. 6(b). The gap length of the fine adjust- 
the peak transmission wavelength Ami of the rough 5 ment etalon 6, however, is greater than that of the 
adjustment etalon 5 is at the central wavelengthAoof the rough adjustment etalon 5, such that the transmission 
gain of the laser medium 2, and the adjacent transmis- wavelength shift of the fine adjustment etalon 6 is 
sion peaks are outside of the gain region of the laser smaller than that of the rough adjustment etalon 5. 
medium 2. Thus, the attenuation due to the rough ad- Thus, central peak transmission wavelengths Ami and . 
just ment etalon 5 is small only in the neighborhood of 10 Ami of the etalons 5 and 6 become separated from each 
the central wavelengthAo, and the light is amplified only other. The overall transmission characteristic of the 
near at Ac thereby generating a laser beam narrowed in two etalons 5 and 6 superposed on each other is there- 
its oscillation bandwidth. fore reduced, as shown in FIG. 6(c), compared with the 

In order to limit the number of the transmission peaks case where the central transmission wavelengths Ami 
present within the gain region to one, the free spectral 15 and \m2are equal to each other. Thus, after a long time 
region FSR] must be greater than a minimum deter- subsequent the start of oscillation, not only the oscilla- 
mined by the width of the gain region of the laser me- ^on wavelength of laser beam is shifted from Ao to Am2, 
dium 2. On the other hand, the finesse ¥ h which is to" also the output power is decreased. Furthermore, 
determined by the performance of etalon, is about 20 at when the wavelength shifts are large, oscillation in 
most. Thus, the narrowing of bandwidth by means of 20 another adjacent mode of the fine adjustment etalon 6 
rough adjustment etalon 5 alone has its limit Thus, may be observed (see FIG. 6(c). 
another etalon, fine adjustment etalon 6, is utilized. The Thus, control is effected to stabilize the oscillation 
spectroscopic transmission characteristic of the fine wavelength of the laser beam as follows. Part of the 
adjustment etalon 6 is shown in FIG. 4(b). A peak trans- laser beam 7 is guided to the first interference fringe 
mission wavelength Am 2 thereof is turned at the central 25 detector 9 via the partially reflective mirror 8 and is 
wavelength At of the laser medium 2, and the free spec- diverged by the integrator 10 (see FIG. 3). Only the 
tral region FSR2 thereof is selected at a value greater components of the light diverged by the integrator 10 
than AAi (FSR.2> AAi). having particular incident angles $ to the etalon 11 are 

Thus, the laser bean, generated by the laser medium 2 transmitted therethrough to reach the lens 12. When the 
and having the spectroscopic characteristic as shown in 30 ^al length of the lens 12 is represented by f, the light 
FIG. 4(c), is narrowed in oscillation bandwidth, as having the incident angle 0 is concentrated at positions 
shown in FIG. 4(</), to a narrow band around the cen- separated from the lens axis by a radial distance ftj, and 
tral wavelength Ao at which the transmission peaks of thereby forms a circular interference fringe. The imag- 
the rough adjustment etalon 5 and fine adjustment eta- ™S element 13 detects the positions at which the light is 
Ion 6 overlap each other. Since, the light goes back and 35 concentrated, and the image processing unit 14 analyses 
forth many times through the etalons, the bandwidth of the detected result, thereby obtaining the incident angel 
the laser beam is narrowed to from one half to tenth (i 0. from which the current oscillation wavelength of the 
to 1/10) of the bandwidth as determined by the trans- laser beam can be calculated. The oscUlation wave- 
mission characteristics of the two etalons. length of the laser beam is determined solely by the 

Where it is desirable to further reduce the band width 40 transmission characteristic of the fine adjustment etalon 
of the laser beam, another etalon may be inserted within 6 - Thus. toe ^ adjustment etalon 6 is adjusted, via the 
the laser resonator 1. fast etalon control mechanism 15, with respect to its 

The oscillation bandwidth of the laser beam can be angk to the laser beam, or its gap length d, such that the 
narrowed as described above. When, however, the laser central transmission wavelength of the fine adjustment 
beam goes back and forth through the etalons in oscilla- etalon 6 is tuned to the predetermined wavelength. The 
tion, heat is generated in the etalons, and, as a result, the oscillation of the laser beam is thus adjusted to the pre- 
etalons are deformed as shown in FIG. 5. These thermal determined wavelength. 

deformations of the etalons, while not so severe as to The control of the rough adjustment etalon 5, on the 
deteriorate the performance characteristics of the eta- other hand, is effected as follows. The light emitted 
Ions, do change the gap length d of the etalons, and 50 from the »6 nt source 16 reaches the rough adjustment 
thereby shift the central transmission wavelength etalon 5, and the components having particular incident 
thereof. The circumstance is shown in FIG. 6. FIG. 6(a) angles are thereby selected. The light thus elected via 
shows the spectroscopic transmission characteristic of toe rough adjustment etalon 5 is transmitted through 
the rough adjustment etalon 5, where the solid curve toe fine adjustment etalon 6 without further selection, 
represents the characteristic immediately after the start 35 Then, the light is reflected by the reflection rnin-or 19, 
of the oscillation, and the dotted curve represents the w ^ch has a particularly high reflectivity to the light at 
shifted characteristic after etalon has been heated. The toe wavelength of the light source 16, and thence is 
relation between the shift of the transmission peak AA guided to the second interference fringe detector 20. 
and the variation A d of the gap d is given by the follow- The light is then converged by the lens 21, to form 
ing equation (4): 60 . circular interference fringes generated by the selection 

of the light via the rough adjustment etalon 5 (see FIG. 
AX=(Xm/<0 Ad (4) 3). The imaging element 22 detects the positions where 

the light is concentrated, and the image processing unit 
Incidentally, the direction of the shift of wavelength 23 analyses the detected result, thereby obtaining the 
is determined by the structure of the etalon. With re- 65 central transmission wavelength of the rough adjust- 
spect to a particular etalon, the peak transmission wave- ment etalon 5. The angle or the gap length of the rough 
length is shifted in a certain direction due to the thermal adjustment etalon 5 is controlled by means of the sec- 
deformation caused by the laser beam. ond etalon control mechanism 24, so as to tune the 
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central transmission wavelength of the rough adjust* 
ment etalon 5 to the predetermined wavelength. 

The above laser device, however, has the following 
disadvantage. 

FIG. 7 shows the relation between the reflectivity of 5 
the rough adjustment etalon 5 and the intensity of the 
interference fringes. When the reflectivity is small, the 
variation of the intensity of light is also small and the 
interference fringes are obscure. Thus, the detection of 
the interference fringes by the imaging element 22 is 10 
difficult, and hence an accurate control of the rough 
adjustment etalon 5 is difficult to perform. 

Thus, in order to perform an accurate control of the 
rough adjustment etalon 5, the reflectivity of the reflec- 
tive surface 56 of the rough adjustment etalon 5 must be 15 
made large enough to ensure a formation of distinct and 
clear interference fringes in the second interference 
fringe detector 20. Otherwise, erroneous control may 
ensue. 

On the other hand, increasing the reflectivity of the 20 
etalon signifies increasing the number of reflective lay- 
ers constituting the reflective surface Sb of the etalon. 
This makes the production of the etalon difficult. Fur- 
ther, when the reflectivity increases, the absorption of 
light also increases. This reduces the resistance of the 25 
etalon to the light. 

SUMMARY OF THE INVENTION 

It is therefore an object of this invention to provide a 
laser device which is capable of outputting a laser beam 30 
stabilized in the output power and oscillation wave- 
length. In particular, this invention aims at providing 
laser device in which the central transmission wave- 
length of the rough adjustment etalon can be controlled 
stably and reliably to the predetermined wavelength of 35 
the laser beam. 

The above object is accomplished in accordance with 
the principle of this invention by a laser device which 
comprises: a laser resonator including a first and a sec- 
ond etalon having distinct transmission bandwidths, 40 
wherein a transmission bandwidth of the first etalon is 
narrower than a transmission bandwidth of the second 
etalon; measurement means for measuring an oscillation 
wavelength of a laser beam outputted from said laser 
resonator; first control means, coupled to an output of 45 
said measurement means, for controlling the first etalon 
such that the oscillation wavelength of the laser beam 
detected by the measurement means is adjusted to a 
predetermined wavelength; calculation means coupled 
to an output of said measurement means, for calculating 50 
a shift of the transmission wavelength of the second 
etalon in response to a measurement of the oscillation 
wavelength of the laser beam effected by the measure- 
ment means: and second control means, coupled to an 
output of the calculation means, for controlling the 55 
transmission wavelength of the second etalon to the 
predetermined wavelength in response to the output of 
the calculation means. 

Alternatively, the above object is accomplished by a 
laser device which comprises: a laser resonator includ- 60 
ing a first and a second etalon having distinct transmis- 
sion bandwidths, wherein a transmission bandwidth of 
the first etalon is narrower than a transmission band- 
width of the second etalon; a light source emitting light 
on at least one of said etalons; a photosensor means for 65 
detecting an intensity of light emitted from said light 
source and reflected by said one of the etalons; and 
control means, coupled to an output of said photosensor 
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means, for controlling the transmission wavelength of 
said one of the etalons to a predetermined wavelength 
in response to the intensity of light detected by said 
photosensor means. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The features which are believed to be characteristic 
of this invention are set forth in the appended claims. 
This invention itself, however, may best be understood 
from the detailed description of the preferred embodi- 
ments, taken in connection with the accompanying 
drawings, in which: 

FIG. 1 is a schematic view showing the organization 
of a conventional laser device including etalons; 

FIG. 2 shows the section of a etalon; 

FIG. 3 shows the details of the etalon control mecha- 
nisms of the laser device of FIG. 1; 

FIGS. 4tf-4d shows the spectroscopic characteristics 
of the various parts of the laser device; 

FIG. 5 is a sectional view of an etalon under thermal 
deformation; 

FIGS. 6a-6c shows the shifts of the spectroscopic 
characteristics of the etalons, etc., due to thermal defor- 
mations thereof; 

FIG. 7 shows the relation between the reflectivity of 
the etalon and the intensity of the interference fringes; 

FIG. 8 is a schematic view of an embodiment accord- 
ing to this invention; 

FIG. 9 shows the temporal variation of the laser 
output power and the wavelength shift; 

FIG. 10 is a view similar to that of FIG. 8, showing 
another embodiment according to this invention, which 
is provided with a power monitoring mechanism; 

FIG. 11 is a view similar to that of FIG. 8, showing 
still another embodiment according to this invention; 

FIG. 12 shows the variation, with respect to the 
wavelength, of the outputs of the photosensors of the 
laser device of FIG. 11; 

FIG. 13 is a view similar to that of FIG. 8, showing 
still another embodiment according to this invention; 

FIG. 14 shows the variations, relative to the tilt of the 
rough adjustment etalon, of the laser output power and 
the intensity of the reflected light of the laser device of 
FIG. 13; 

FIG. IS is a view similar to that of FIG. 8, showing 
still another embodiment according to this invention; 

FIG. 16 shows the variation, with respect to the 
wavelength, of the outputs of the photosensors of the 
laser device of FIG. 15; 

FIG. 17 shows a modification of the laser device of 
FIG. 15; 

FIG. 18 is a graph showing the variation, with re- 
spect to the wavelength, of the outputs of the photosen- 
sors of the laser device of FIG. 17; 

FIG. 19 is a view similar to that of FIG. 8, showing 
still another embodiment according to this invention; 

FIG. 20 shows the relation between the gas pressure 
in the etalon and the laser output; and 

FIGS. 21 and 22 are views similar to that of FIG. 8, 
showing further embodiments according to this inven- 
tion. 

In the drawings, like reference numerals represent 
like or corresponding parts or portions. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

FIG. 8 shows a laser device according to an embodi- 
ment of this invention, the fundamental structure of 
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which is similar to that of FIG. 1. The parts identical or controls the sealing pressure, the gap length d, or the 

similar to those of the laser device of FIG. 1 are repre- angle relative to the laser beam, of the rough adjustment 

sented by the same reference numerals. Thus, as in the etalon 5, such that the central transmission wavelength 

case of the laser device of FIG. 1, the light generated in of the rough adjustment etalon 5 is maintained to the 
the laser medium 2 bounces back and forth between the 5 predetermined wavelength of laser beam, 

totally reflective mirror 3 and partially reflective mirror The details of the method of control of the rough 

4 and thus is amplified within the laser resonator 1. The adjustment etalon 5, in particular the method of opera- 
amplified light is outputted from the laser resonator 1 as tion of the calculation means 26, is as follows. 

the laser beam 7. Since the rough adjustment etalon 5 The inventors have made researches into the relation 
and fine adjustment etalon 6 are inserted within the laser 10 which holds between the length of output time and the 
resonator 1, the oscillation bandwidth of the laser beam magnitude of shift of the oscillation wavelength of the 
is narrowed, and substantially monochromatic laser laser beam relative to the predetermined wavelength, 
beam 7 can be obtained. A calculation means 26 deter- FIG. 9 shows the results of experiments that are con- 
mines the shift of the central transmission wavelength of ducted for the purpose of clarifying such relation. As 
the rough adjustment etalon 5. This determination is 15 shown in FIG. 9, the oscillation wavelength of the laser 
effected on the basis of the shift of the oscillation wave- beam is shifted from the predetermined wavelength 
length of the laser beam relative to the predetermined according to a predetermined curve after the start of 
wavelength, which shift is detected by the first interfer- oscillation of the laser beam, and returns to the prede- 
ence fringe detector 9. In accordance with the output of terrained wavelength soon after the oscillation is 
the calculation means 26, a second etalon control mech- 20 stopped. Wavelength shifts follow a regular pattern and 
anism 27 controls the transmission wavelength of the do not take place at random. The wavelength shifts are 
rough adjustment etalon 5 by adjusting the gap length caused by the thermal deformation of the etalons as 
d, the sealing pressure, or the angle 6 relative to the shown in FIG. 5. Due to the heat generated by the laser 
laser beam of the rough adjustment etalon 5. Otherwise, beam going through the etalons, the etalons are de- 
the organization is similar to that of the laser device of 25 formed into the shape of a convex lens. Thus, the gap 
FIG. 1. lengths of the fine adjustment etalon 6 and rough adjust- 

The control of the etalons for the stabilization of the ment etalon 5 are changed, and hence the central trans- 
laser beam is effected as follows. mission wavelength of the fine adjustment etalon 6 and 

The method of control of the fine adjustment etalon 6 rough adjustment etalon 5 are shifted from the predeter- 
is similar to that of the laser device of FIG. 1. Thus, part 30 mined wavelength. If the shift of the central transmis- 
of the laser beam 7 is guided to the first interference sion wavelength of the rough adjustment etalon 5 is 
fringe detector 9 via the partially reflective mirror 8 and represented by AAj and the shift of the gap length 
is diverged by the integrator 10 (see FIG. 3). Only the thereof by Ad i, the relation between the two is given by 
diverging components of the integrator 10 having par- the following equation (5): 
ticular incident angles to the etalon 11 are transmitted 35 

therethrough to reach the lens 12. When the focal AA|A=W*i (5) 

length of the lens 12 is represented by f, the light having 

the incident angle 6 is concentrated at positions sepa- Further, the free spectral region FSRj of the rough 
rated from the lens axis by a radial distance f0, and adjustment etalon 5 is expressed by the following equa- 
thereby forms a circular interference fringe. The imag- 40 tion 
ing element 13 detects the positions at which the light is 

concentrated, and the image processing unit 14 analyses FSR\=\2/2nd cos 0\ (6) 

the detected results, thereby obtaining the incident ^ _ . , _ . , . 

angle 0, from which the current oscillation wavelength , ™«. the ^velength shift can be expressed by the 
of the laser beam can be calculated. The oscillation 45 foUowin « equation (7) 

wavelength of the laser beam is determined solely by AX ^ ^ ~ 

the transmission characteristic of the fine adjustment 1 1 1 

etalon 6 Thus, the fine adjustment etalon 6 is adjusted, similarly, if the wavelength shift of the fine adjust- 
via the first etalon control mechanism 15 with respect m£nt etakm 6 ^ represented by ^ it * expressed by 
to its angle to the laser beam, or its gap length d f such 50 the folIowmg equation (8): 
that the central transmission wavelength of the fine 

adjustment etalon 6 is tuned to the predetermined wave- aa 2 =a</ 2 FSR2/K (8) 

length. The oscillation of the laser beam is thus adjusted 

to the predetermined wavelength. The variation Ad of the gap length of the etalons is 

On the other hand, the control of the rough adjust- 55 determined by the dimensions of the substrate plates of 
ment etalon 5 is effected as follows. The oscillation the etalons, the relevant physical constants, and the 
wavelength of the laser beam measured by the first output power of the laser beam. Thus, if the plates of the 
interference fringe detector 9 as described above is two etalons 5 and 6 are designed identically, the varia- 
outputted to the calculation means 26. In response tions Adi and Ad2ofthe gap lengths of the rough adjust- 
thereto, the calculation means 26 determines the shift of 60 ment etalon 5 and fine adjustment etalon 6 are made 
the oscillation wavelength of the laser beam with re- equal to each other. Then, the shift AXi of the central 
spect to the predetermined wavelength. The central transmission wavelength of the rough adjustment etalon 
transmission wavelength of the rough adjustment etalon 5 can be expressed by the following equation (9): 

5 is calculated by the calculation means 26 from the 

value of the shift of the central transmission wavelength 65 AXj «(KSK j/fS/12) ^2 (9) 
of the fine adjustment etalon 6 as described in detail 

hereinbelow. In response to the output of the calcula- Thus, on the basis of this equation (9), the shift of the 
tion means 26, the second etalon control mechanism 27 central transmission wavelength of the rough adjust- 
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mcnt etalon 5 can be inferred from the ratio power monitor mechanism 29 detects the output power 
(FSR1/FSR2) of the free spectral regions of the rough of the laser beam by means of the light guided thereto 
adjustment etalon 5 and Fine adjustment etalon 6 and the via the second partially reflective mirror 28. The power 
shift AX2 of the central transmission wavelength of the monitor mechanism 29 consists of a unit for measuring 
fine adjustment etalon 6. By the way, the oscillation 5 the output power of the laser beam and another unit for 
wavelength of the laser beam is, as noted above, deter- recording the thus measured output power of the laser 
mined solely by the central transmission wavelength of beam. The power monitor mechanism 29 judges 
the fine adjustment etalon 6. Thus, the central transmis- whether the output of the laser beam increases or de- 
sion wavelength of the fine adjustment etalon 6 can be creases upon control of the rough adjustment etalon 5 in 
determined directly by measuring the oscillation wave- 10 either direction, and then determines, on the basis of the 
length of the laser beam by means of the first interfer- preceding judgment, in which direction and by what 
ence fringe detector 9. The wavelength of the laser amount the rough adjustment etalon 5 is to be con- 
beam measured by the first interference fringe detector trolled. A selection control mechanism 30 controls the 
9 is outputted to the calculation means 26. In response need or the priority of the signals from the power moni- 
thereto, the calculation means 26 obtains the shift of the 15 tor mechanism 29 and the calculation means 26. 
oscillation wavelength of the laser beam relative to the In the case of the laser device as described above, the 
predetermined wavelength, which shift corresponds to wavelength of the laser beam is selected by the rough 
the shift of the central transmission wavelength of the adjustment etalon 5 and fine adjustment etalon 6, and 
fine adjustment etalon 6, as noted above. The shift of the thus a laser beam narrowed in bandwidth is outputted. 
central transmission wavelength of the rough adjust- 20 Further, after the start of laser beam oscillation, the 
ment etalon 5 is calculated therefrom in accordance central transmission wavelength of the rough adjust- 
with the above equation (9). ment etalon 5 and the fine adjustment etalon 6 are con- 
The calculation means 26 outputs to the second eta- trolled. When the laser beam oscillation is stabilized 
Ion control mechanism 27 the shift of the central trans- thereafter, the selection control mechanism 30 is 
mission wavelength of the rough adjustment etalon 5 25 switched to the side of the power monitor mechanism 
obtained as above. In response thereto, the second eta- 29, and the output power Po of the laser beam is mea- 
lon control mechanism 27 tunes the central transmission sured and recorded by the power monitor mechanism 
wavelength of the rough adjustment etalon 5 to the 29. Next, the central transmission wavelength of the 
predetermined wavelength by adjusting the gap length rough adjustment etalon 5 is slightly shifted by means of 
d, the sealing pressure, or the angle, of the rough adjust- 30 the second etalon control mechanism 27, and the output 
ment etalon 5. power P of the laser beam is measured again. The sec- 
Further, when the oscillation of the laser beam is ond measurement P of the output power is compared 
continued, thermal deformations are generated in the with the previous measurement Po- When the two mea- 
etalons as shown in FIG. 5, such that the oscillation surements are different from each other, the rough ad- 
wavelength of the laser beam is deviated from the pre- 35 justment etalon 5 is controlled and adjusted by the sec- 
determined wavelength as shown in FIG. 9. The shift of ond etalon control mechanism 27. The direction of 
the central oscillation wavelength of the etalons occurs adjustment is determined in accordance with whether 
toward a predetermined direction. Thus, the control P>Po or P<Po holds. This control operation is re- 
time required for attaining the maximum output power peated until the output power of the laser beam reaches 
can be shortened by shifting, simultaneously with the 40 a stable maximum. As a result, laser beam of stabilized 
start of oscillation, the central transmission wavelengths output power is outputted at a predetermined wave- 
of the rough adjustment etalon 5 and the fine adjust- length. 

ment etalon 6 toward the direction to which the central The above control operation is described in further 

transmission wavelengths should be shifted if no control detail. It has been pointed out that the thermal deforma- 

is effected. 45 tions of the rough adjustment etalon 5 and the fine ad- 

Furthermore, with respect to the embodiment, the justment etalon 6 caused by the heat generated by the 
case where the dimensions of the substrate plates consti- laser beam give rise to temporary shifts of the central 
tuting the rough adjustment etalon 5 and the fine adjust- transmission wavelengths. This, however, is not the sole 
ment etalon 6 or the values of the relevant physical cause of the shifts of the central transmission wave- 
constants are equal to each other for the two etalons has 50 length of the etalons. Namely, the gap length of the 
been described. When these values are different from etalons may be changed permanently by a long use or 
each other for the two etalons, the variations Adj and by a displacement of fixing positions caused, for exara- 
Ad20f the gap length of the fine adjustment etalon 6 and pie, by oscillations. Usually, these permanent shifts of 
rough adjustment etalon 5 also take different values. the central transmission wavelength of the etalons do 
Even under such circumstances, however, the shift of 55 not occur simultaneously nor with equal magnitude for 
the central transmission wavelength of the rough ad- the rough adjustment etalon 5 and the fine adjustment 
justment etalon 5 can be inferred by modifying the etalon 6. Thus, there appears a separation between the 
above equation (9) by multiplying it with an appropriate central transmission wavelengths of the rough adjust- 
correction factor. Thus, the central transmission wave- ment etalon 5 and the fine adjustment etalon 6. Under 
length of the rough adjustment etalon 5 can be con- 60 such circumstances, even if the central transmission 
trolled in a manner similar to the above. wavelength of the etalons are controlled in accordance 

FIG. 10 shows another laser device according to this with the equation (9) as described above, the central 

invention. In the case of this laser device, the shift of the transmission wavelength of the rough adjustment etalon 

central transmission wavelength of the rough adjust- 5 remains deviated from that of the fine adjustment 
ment etalon 5 caused by a factor other than the thermal 65 etalon 6, and hence the output power of the laser beam 

deformation can also be adjusted. In FIG. 10, a second is reduced. 

partially reflective mirror 28 reflects part of the laser According to the embodiment of FIG. 10, however, 

beam 7 outputted from the laser resonator 1, and a the central transmission wavelength of the rough ad- 
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justment etalon 5 is controlled, after the start of the The method of controlling the rough adjustment 

osciUation, on the basis of the output of the power moni- etalon 5 during the laser output cessation periods is 

tor mechanism 29 which measures the output power of described by reference to FIGS. 2, 11 and 12, wherein 

the laser beam. Thus, the rough adjustment etalon 5 is FIG. 12 shows the relation between the outputs of the 

first controlled by the second etalon control mechanism 5 first photosensor 35a and second photosensor 356. First, 

27 to maximize the output power of the laser beam, and the helium-neon (He-Ne) laser light source 31 is acti- 

hence the central transmission wavelength of the rough vated and the helium-neon (He-Ne) laser light 33 emit- 

adjustment etalon 5 is tuned to that of the fine adjust- ted from the light source 31 is divided into the transmil- 

ment etalon 6. Thereafter, the rough adjustment etalon ted light 33a and reflected light 336 by the beam splitter 

5 is controlled in accordance with the equation (9), with 1° 32. A part of the transmitted light 33a transmitted 

an appropriate correction which takes into consider- through the totally reflective mirror 3 is reflected by the 

ation the difference in the central transmission wave- reflective surfaces 56 of the rough adjustment etalon 5, 

lengths of the rough adjustment etalon 5 and the fine and the intensity of the light reflected by the rough 

adjustment etalon 6 at the original non-controlled states. adjustment etalon 5 is detected by the first photosensor 

Thus, the embodiment of FIG. 10 is capable of adjusting 15 35a. On the other hand, the reflected light 336 reflected 

not only the temporary shifts of central transmission by the beam splitter 32 is directed toward the rough 

wavelength caused by thermal deformations, but also adjustment etalon 5, and is reflected by the reflective 

the permanent shifts caused by other factors, and hence surfaces 56 of the rough adjustment etalon 5. The inten- 

can generate a laser beam which is further stabilized in sity of the reflected light 336 is detected by the second 

output power and oscillation wavelength. photosensor 356. 

Referring next to FIG. 11, still another embodiment As shown in FIG. 12, the reflection light intensities 

according to this invention is described. The laser de- detected by the first photosensor 35a and the second 

vice of FIG. 1 adjusts the permanent shift of the central photosensor 356 vary with the change of the central 

transmission wavelength of the laser device by a differ- J5 transmission wavelength of the rough adjustment etalon 

ent method. 5. Thus, the central transmission wavelength of the 

In FIG. 11, a light source 31, opposing the rough rough adjustment etalon 5 can be determined from the 
adjustment etalon 5 via the totally reflective mirror 3, measurements of the reflection light intensities. Since 
emits light at a stable wavelength which is different the incident angles of the lights 33a and 336 on the 
from the oscillation wavelength of the laser resonator 1. ^ rough adjustment etalon 5 are different from each other, 
For example, the light source 31 consists of the helium- the outputs of the first photosensor 35a and the second 
neon (He-Ne) laser oscillating at the wavelength of 633 photosensor 356 are shifted from each other, as shown 
nm. The totally reflective mirror 3 has such a coating in FIG. 12. The differential output of the first photosen- 
that is transparent to the wavelength of the helium-neon sor 35a and the second photosensor 356 (i.e., the differ- 
(He-Ne) laser. A beam splitter 32, disposed between the 35 ence between the outputs of the first photosensor 35a 
light source 31 and the totally reflective mirror 3, di- and the second photosensor 356) is represented by a 
vides the light 33 emitted from the light source 31 into dot-and-dash curve in FIG. 12. 
reflected and transmitted parts. The direction of the The outputs of the first photosensor 35a and the sec- 
reflected light 336 is changed by a mirror 34 toward the ond photosensor 356 are supplied to the processing 
rough adjustment etalon 5. The transmitted light 33a is 4Q device 36, and the central transmission wavelength of 
transmitted through the totally reflective mirror 3, re- the rough adjustment etalon 5 is controlled to the prede- 
flected by the rough adjustment etalon 5, and then is termined wavelength by adjusting the sealing pressure, 
received by a first photosensor 35a. The first photosen- gap length d, or the angle with respect to the laser 
sor 35a detects the intensity of the light incident beam, of the rough adjustment etalon 5. 
thereon. A second photosensor 356 detects the intensity 45 This control of the rough adjustment etalon 5 during 
of the light 336 which is incident thereon after being the laser output cessation periods can also be performed 
reflected by the rough adjustment laser 5. The light during the laser oscillation periods. However, since the 
source 31 and the mirror 34, etc., are arranged in such a light from a separate helium-neon (He-Ne) laser light 
manner that the difference of the outputs of the first source 31 is utilized for the control, error may arise 
photosensor 35a and second photosensor 356 vanishes so when the light from the light source 31 suffers varia- 
when the central transmission wavelength of the rough tions. Thus, after the start of the oscillation of the laser 
adjustment etalon 5 is tuned to the predetermined wave- beam 7 itself, the control of the rough adjustment etalon 
length. A processing device 36 processes the signals 5 is preferred to be effected on the basis of the output of 
outputted from the first photosensor 35a and second the calculation means 26, the switching being effected 
photosensor 356. 55 by the selection control mechanism 30. The rough ad- 

The wavelength of the laser beam is selected by the justment etalon 5 can thus be controlled more precisely 

rough adjustment etalon 5 and fine adjustment etalon 6, during the oscillation periods of the laser beam 7. 

and thus a laser beam narrowed in bandwidth is output- In summary, in the case of this embodiment, the cen- 

ted. Further, after the start of laser beam oscillation, the tral transmission wavelength of the rough adjustment 

central transmission wavelength of the rough adjust* 60 etalon 5 caused by factors other than the thermal defor- 

ment etalon 5 and fine adjustment etalon 6 are con- mations is adjusted before the start of the oscillation of 

trolled. In addition, in the case of this embodiment, the laser beam 7, and, after the start of oscillation of laser 

permanent shift of the central transmission wavelength beam 7, the shift of the central transmission wavelength 

of the rough adjustment etalon 5 is adjusted during the of the rough , adjustment etalon 5 due to the thermal 

oscillation cessation periods on the basis of the measure- 65 deformations is adjusted on the basis of the variations of 

ments of the variations of the intensity of the light de- the output power of the laser beam 7. Thus, a laser beam 

tected by the first photosensor 35a and the second pho- 7 the wavelength of which is stabilized to the predeter- 

tosensor 356. mined wavelength can be obtained in a shorter time 
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after the start of oscillation than in the case of the em- In FIG. 15, the laser resonator 1 comprises a laser 
bodiment of FIG. 10. medium 2, a totally reflective mirror 3, and a partially 

Referring next to FIG. 13, still another embodiment reflective mirror 4, wherein the laser medium 2 consists 
according to this invention is described. In FIG. 13(c), of a krypton fluoride (KrF) excimer laser oscillating at 
the fine adjustment etalon 6 is controlled on the basis of 5 the central wavelength of 248 nm. A light source 31, 
the measurements effected by the first interference opposing the rough adjustment etalon 5 via the totally 
fringes detector 9, and the oscillation wavelength of the reflective mirror 3, emits light at a stable wavelength 
laser beam 7 is thus controlled to the predetermined which is different from the oscillation wavelength of 
wavelength. On the other hand, the rough adjustment the laser resonator 1. For example, the light source 31 
etalon 5 is controlled by the second etalon control 10 consists of the helium-neon (He-Ne) laser oscillating at 
mechanism 27 on the basis of the measurements effected the wavelength of 633 nm. The totally reflective mirror 
by a reflection light measurement means 38, which * has such a coating that is transparent to the wave, 
measures the reflection light 37 reflected by the rough kngth of the hehum-neon (He-Ne) laser. A beam split- 
adjustment etalon 5. ter 32 » deposed between the light source 31 and the 
FIG. 14 shows the principle of this control of rough « totally reflective mirror 3. divides the light 33 emitted 
adjustment etalon 5. As shown in FIG. 14, according as from b f ht sourc % 3 ? mt0 / efl ^ uf «a ^ ^ 
the angular displacement or tilt of the rough adjustment ^ The direction of the reflected light 336 is changed 
etalon S, which is at 0 (zero) when the rough adjustment % a 9Aj TT^ *S£ 
etalon 5 and the fine adjustment etalon t fare tuned to „ n The transmuted light 33a is Mnsmitted I through the 
each other, increases, the output power of the laser 20 reflective rnirror 3, ^^^^J^ 

. - u A „ ■ justment etalon 5, and then is received by a first photo- 

beam 7 decreases. As the same Ume the mtensity distn- sensor 35.. Hie first photosensor 35. detects the inten- 
bution of the reflection light, detected by the reflection £ thereoii second photoscnsor 

ight measurement means 38 changes as shown by con- ^ * £ ^ Qf ^ reflected 33 ^ which 

tours in the figure. The low light intensity region, mdi- 25 - s incidem ther£on ^ ^ reflected b the rou ^ 
cated by the reference character A m FIG^ 14, appears adjustment etaJon 5> Xhe u ht source n ^ the 
at the center of the beam 37 when the rough adjustment ^ m arranged in such a manner that the dif f er _ 
etalon 5 and fine adjustment etalon 6 are tuned to each ^ of the ^ of the fim photosensor ZS a and 
other. This phenomenon can be explained as follows^ second photosensor 3Sb vanishes when & e central 
If the laser beam 7 has no lateral extension, all the 3Q tiansm i ss i 0 n wavelength of the rough adjustment etalon 
light must be transmitted through the rough adjustment 5 fe tuned to the prede termined wavelength. A rough 
etalon 5, and the intensity of the reflection light must be ad j ustinen t etalon control mechanism 41 controls the 
limited to a minimum. However, since the laser beam 7 transmission wavelength of the rough adjustment etalon 
has a substantial lateral extension, part of the laser beam 5 by changing the gap length d, or the angle 6 relative 
7 has a certain non-zero angle with respect to the optical 35 to the laser beanij of the rough ad j us tment etalon 5. 
axis of the laser resonator 1. When the rough adjust- ^ jj ght bounces back and forth within the laser 
ment etalon 5 and the fine adjustment etalon 6 are tuned resonator 1 and thus is amplified. Further, the light is 
to each other with respect to the main portion of the narrowed in the bandwidth by the rough adjustment 
laser beam 7 proceeding along the optical axis, the tun- etalon 5 and the fine adjustment etalon 6. Thus, a sub- 
ing of the rough adjustment etalon 5 become inaccurate 40 s tantially monochromatic laser beam 7 can be obtained, 
near the peripheral regions of the laser beam 7. Thus, Further, for the stabilization of the oscillation wave- 
the intensity of the reflection light 37 become stronger length of the laser beam, the etalons are controlled. The 
near the peripheral regions, and a dark portion A ap- method of control of the fine adjustment etalon 6 is the 
pears at the center of reflection light 37. When the same & described above with respect to the first em- 
tilting angle of the rough adjustment etalon 5 is 45 bodiment On the other hand, the method of control of 
changed, the tuning is deviated with respect to the main the rough adjustment etalon 5 is as follows, 
portion of the laser beam 7, and the tuned portion is since the output wavelength of the laser beam de- 
translated toward the periphery in the lateral cross pends solely on the transmission wavelength of the fine 
section of the laser beam. Thus, the dark portion A adjustment etalon 6, some other means must be pro- 
moves toward the periphery as the angular displace- 50 vided for measuring the transmission wavelength of the 
ment or tilt of the rough adjustment etalon 5 increases. rough adjustment etalon 5. Thus, in the case of this 
The reflection light measurement means 38 detects embodiment, a laser light from a helium-neon (He-Ne) 
the variations of this light intensity distribution. The laser light source 31 having a wavelength different from 
reflection light measurement means 38 may be imple- that of the laser beam 7 is radiated on the rough adjust- 
mented by an image sensor as shown in FIG. 13(A), or 55 me nt etalon 5. The helium-neon (He-Ne) laser light 33 
by a two-partitioned photosensor as shown in FIG. emitted from the light source 31 is divided into the 
13(c). The result of the detection is analyzed by the transmitted light 33a and reflected light 336 by the 
analyzer device 39, and the rough adjustment etalon 5 is beam splitter 32. A part of the transmitted light 33o is 
controlled by the second etalon control mechanism 27 is transmitted through the totally reflective mirror 3, 
response to the output of analyzer device 39, so that the 60 which is coated with a layer sufficiently transparent to 
dark portion A would be positioned at the center. This the wavelength of the helium-neon (He-Ne) laser. The 
method of control has the advantage that the direction transmitted light 33a transmitted through the totally 
and the magnitude of the necessary control can be de- reflective mirror 3 is reflected by the reflective surfaces 
terrnined instantaneously from the position of the dark $b of the rough adjustment etalon 5, and the intensity of 
portion A within the lateral cross section of the laser 65 the light reflected by the rough adjustment etalon 5 is 
beam. detected by the first photosensor 35a. On the other 

Referring next to FIG. 15, a further embodiment is hand, the reflected light 336 reflected by the beam split- 
described, ter 32 is directed toward the rough adjustment etalon 5, 
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and is reflected by the reflective surfaces 56 of the 
rough adjustment etalon 5. The intensity of the re- 
flected light 336 is detected by the second photosensor 
356. The outputs of the first photosensor 35a and second 
photosensor 356 are supplied to the rough adjustment 
etalon control mechanism 41. The first photosensor 35a 
and the second photosensor 356 are set in such a manner 
that the differentia] output of the first photosensor 35a 
and the second photosensor 356 (the difference between 
the outputs of the first photosensor 35a and second 
photosensor 356) vanishes when the central transmis- 
sion wavelength of the rough adjustment etalon 5 is 
tuned to the predetermined wavelength. Thus, in re- 
sponse to the outputs of the first photosensor 35a and 
second photosensor 356, the rough adjustment etalon 
control mechanism 41 controls the rough adjustment 
etalon 5 so as to reduce the differential output of the 
first photosensor 35a and the second photosensor 356 to 
zero, by changing the gap length d, or the angle relative 
to the laser beam, of the rough adjustment etalon 5. 
Thus, the central transmission wavelength of the rough 
adjustment etalon 5 is controlled to the predetermined 
wavelength. 

Next, the method of control of the rough adjustment 
etalon 5 is described in detail by reference to FIG. 16. If 35 
the reflectivity, with respect to the wavelength of the 
helium-neon (He-Ne) laser, of the reflective surfaces 56 
facing the gap of the rough adjustment etalon 5 is repre- . 
sen ted by R, the ration B of the light reflected back to 
the first photosensor 35a is expressed by the following 
equation (10) 



S~{4RsinH&2/2)}/il-R) 2 + 4R sin 2 (Sj/2)} 

wherein 

&\=Air nd cos 6\fk 



and 

nd represents the optical gap length of the etalon; 

X represents the wavelength of the helium-neon (He- 
Ne) laser; and 

$\ represents the incident angle of the light from the 
helium-neon (He-Ne) laser light source 31. 

On the other hand, the central transmission wave- 
length of the rough adjustment etalon 5 is represented 



of the rough adjustment etalon 5 agrees with the prede- 
termined wavelength of the excimer laser when the 
differential output of the first photosensor 35a and the , 
second photosensor 356, represented by the dot-and- 
5 dash curve in FIG. 16, vanishes. Thus, the rough adjust- 
ment etalon control mechanism 41 adjusts the rough 
adjustment etalon 5 such that the differential output of 
the first photosensor 35a and the second photosensor 
356 will vanish, and the excimer laser is thereby stabi- . 
10 lixed to the predetermined wavelength. 

This method of controlling the rough adjustment 
etalon 5 is applicable to the case where the reflectivity 
R is small, since the outputs of the first photosensor 35a 
and the second photosensor 356 can be amplified by 
respective amplifiers. Further, even when the charac- 
teristic of the etalon deteriorates due to a long service 
and the reflectivity thereof is reduced, the outputs of 
the first photosensor 35a and the second photosensor 
356 decrease simultaneously. Thus, the position at 
20 which the differential output of the first photosensor 
35a and the second photosensor 356 vanishes does not 
suffer a substantial shift Thus, the central transmission 
wavelength of the rough adjustment etalon 5 can be 
controlled accurately to the predetermined wavelength. 

The control of the rough adjustment etalon 5 accord- 
ing to the above method can be performed when the 
laser beam is not oscillated. Further, components such 
as the 21 and the imaging element 22 can be dispensed 
with. Furthermore, since the light from the helium- 
neon (He-Ne) laser 31 is radiated on the portion of the 
rough adjustment etalon 5 where the laser beam 7 actu- 
ally passes, the method is convenient for observing the 
local thermal deformation of the rough adjustment eta- 
35 Ion 5 caused by the excimer laser 7. 

It is further noted that the variation of the output of 
the photosensors increases as the magnitude of the re- 
flectivity R of the reflective surfaces 56 of the rough 
adjustment etalon 5 increases. Thus, the increase of the 
40 reflectivity R enhances the measurement precision. 
Further, the variation of the differential output of the 
first photosensor 35a and the second photosensor 356, 
caused by the shift of the wavelength, can be increased 
by adjusting the incident angles 6\ and 02 of the helium- 



30 



by the equation (1). Thus, the ratio B of the reflection 45 f™^,^^^^ 
light reflected back to the first photosensor 35a depends * ~* * 

on the variation of the centra] transmission wavelength 
of the rough adjustment etalon 5, and this ratio B is 
measured by the intensity of the light incident on the 
first photosensor 35a. Thus, on the basis of the measure- 50 
ments of the reflection light intensity on the first photo- 
sensor 35a, the central transmission wavelength of the 
rough adjustment etalon 5 can be determined. On the 
other hand, the ratio B of the light reflected back to the 
second photosensor 356 is expressed by an equation 55 
similar to the equation (10), although the incident angle 
62 is different from that for the first photosensor 35a 

FIG. 16 shows the relation between the outputs of the 
first photosensor 35a and the second photosensor 356, 



5, thereby further enhancing the precision of the mea- 
surement of the transmission wavelength. 

Further, the helium-neon (He-Ne) laser light source 
31 may be implemented by a helium-neon (He-Ne) laser 
which is utilized for the adjustment of the laser resona- 
tor 1 in the production of the laser device. Thus, the 
production cost can be reduced. 

FIG. 17 shows the essential portion of still another 
embodiment according to this invention. The difference 
from the laser device of FIG. 15 is as follows. The first 
photosensor 35a and the second photosensor 356 are 
disposed near to each other. The beam splitter 32 for 
dividing the light of the light source 31 is not utilized, 
and instead of the beam splitter 32, a concave lens 42 is 



which is similar to that shown in FIG. 12. As in the case *° dis posed between the light source 31 and the totally 



of the embodiment of FIG. 11, the second partially 
reflective mirror 23 is disposed such that the relation: 

holds. Further as in the case of the embodiment of FIG. 
11, the light source 31 and the mirror 34 are disposed in 
such a manner that the central transmission wavelength 



65 



reflective mirror 3. 

The method of operation of the laser device of FIG. 
17 is as follows. Due to the diverging angle of the laser 
beams from the light source 31, the outputs of the first 
photosensor 35a and the second photosensor 356, dis- 
posed proximate to each other, are differentiated. The 
rough adjustment etalon 5 is controlled on the basis of 
the differential output of the first photosensor 35a and 
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the second photosensor 356, in a manner similar to that 
described above. FIG. 18 shows the differential output 
of the first photosensor 35a and the second photosensor 
356. As in the case of the above embodiment, a zero 
crossing point of the differential output, represented by 
the dot-and-dash curve in FIG. 18, may be utilized for 
controlling the central transmission wavelength of the 
rough adjustment etalon 5. It is noted that the differen- 
tial output of the first photosensor 35aand the second 
photosensor 356. is increased by extending the diverging 
angle of the laser beam by means of the concave lens 42. 
Thus, the measurement precision can be enhanced com- 
pared with the case where the concave lens 42 is not 
utilized. 

FIG. 19 shows another modification of the embodi- 
ment of FIG. 15. In the case of this embodiment, only 
one photosensor 35a is utilized. The method of opera- 
tion thereof is as follows. The light 33 from the helium- 
neon (He-Ne) laser light source 31 is reflected by the 
reflective surfaces 56 of the rough adjustment etalon 5 20 
and then is received by the photosensor 35a. The inten- 
sity of the reflection light incident on the sensor 35a is 
determined in accordance with the above equation (10). 
The intensity of the reflection light at the time when the 
central transmission wavelength of the rough adjust- 
ment etalon 5 is tuned to the predetermined wavelength 
of the laser beam is stored in the rough adjustment 
etalon control mechanism 41, and the rough adjustment 
etalon control mechanism 41 controls the central trans- 
mission wavelength of the rough adjustment etalon 5 to 
the predetermined wavelength, by adjusting the gap 
length d or the angle of the rough adjustment etalon 5 
relative to the laser beam, such that the intensity of light 
detected by the sensor 35a becomes equal to the stored 
value thereof. The control in the case where the gap 35 
length d of the rough adjustment etalon 5 is adjusted by 
the variation of the gas pressure is effected as follows. 

FIG. 20 shows the reaction between the gas pressure 
on the etalon and the intensity of the reflection light. In 
the case where the wavelength of the excimer laser is 40 
adjusted to the predetermined wavelength at the gas 
pressure of 3 atm on the etalon, the intensity of light P 
detected at the gas pressure is the level to which it 
should be maintained. Thus, the central transmission 
wavelength of the rough adjustment etalon 5 is con- 
trolled to the predetermined wavelength by maintaining 
the intensity of the incident light on the sensor 35a to 
the level P. As a result, an excimer laser stabilized at the 
predetermined wavelength is outputted. 

FIG. 21 shows still another modification of the em- 
bodiment of FIG. 15. In the case of this embodiment of 
FIG. 21, the light 336 reflected by the beam splitter 32 
disposed between the light source 31 and the totally 
reflective mirror 3 is received directly by the second 
photosensor 356. The light 33a transmitted through the 55 
beam splitter 32 is reflected by the rough adjustment 
etalon 5 and then is received by the first photosensor 
35a. The output of the second photosensor 356 serves as 
a reference level for the output of the first photosensor 
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35a. Thus, even when the output power of the helium- 60 prising: 



photosensor 35a. Thus, the control of the rough adjust- 
ment etalon 5 is not affected adversely by the variation 
of the output power of the light source 31. Thus, the 
laser device of FIG. 21 is capable of outputting a laser 
beam further stabilized in the oscillation wavelength 
compared with the case of the laser device of FIG. 19. 

FIG. 22 shows still another embodiment according to 
this invention. The embodiment of FIG. 22 is similar to 
that of FIG. 19, except that a third photosensor 35c is 
provided which detects the intensity of light reflected 
by the reflective surfaces 56 of the fine adjustment eta- 
lon 6. In the case of this laser device, the control of the 
fine adjustment etalon 6 can also be effected by means 
of the light of the helium-neon (He-Ne) laser light 
source 31 in a manner similar to that for the rough 
adjustment etalon 5. The organization of the laser de- 
vice can thus be simplified since the integrator 10 or the 
etalon 11 for forming the interference fringes can be 
disposed with. 

In the case of the above embodiments, the light 
source 31 opposes the rough adjustment etalon 5 via the 
totally reflective mirror 3, and the light emitted from 
the light source 31 is radiated on the rough adjustment 
etalon 5 via the totally reflective mirror 3. However, 
the light source 31 may be disposed at a position radially 
displaced from the optical axis of the laser resonator 1, 
such that the light emitted from the light source 31 may 
be radiated directly on the rough adjustment etalon 5 
from a tilted direction. In such case, it is not necessary 
that the wavelength of the light source 31 is differenti- 
ated from that of the laser beam 7. 

What is claimed is: 

1. A laser device comprising: 

a laser resonator including a first and a second etalon 
having distinct transmission bandwidths, wherein a 
transmission bandwidth of the first etalon is nar- 
rower than a transmission bandwidth of the second 
etalon; 

measurement means for measuring an oscillation 
wavelength of a laser beam outputted from said 
laser resonator; 

first control means, coupled to an output of said mea- 
surement means, for controlling the transmission 
wavelength of the first etalon such that the oscilla- 
tion wavelength of the laser beam detected by the 
measurement means is adjusted to a predetermined 
wavelength; 

calculation means, coupled to an output of said mea- 
surement means, for calculating a shift of the trans- 
mission wavelength of the second etalon in re- 
sponse to a measurement of the oscillation wave- 
length of the laser beam effected by the measure- 
ment means; and 

second control means, coupled to an output of the 
calculation means, for controlling the transmission 
wavelength of the second etalon to the predeter- 
mined wavelength in response to the output of the 
calculation means. 

2. A laser device as claimed in claim 1, further com- 



neon (He-Ne) laser light source 31 varies due to the 
variations of the source voltage thereof and the inten- 
sity of the light incident on the first photosensor 35a is 
thereby changed, the output of the first photosensor 35a 
is normalized with reference to the output of the second 65 
photosensor 356. The rough adjustment etalon 5 is con- 
trolled by the rough adjustment etalon control mecha- 
nism 41 on the basis of this normalized output of the first 



a power monitoring means for measuring the output 
power of the laser beam outputted from the laser 
resonator; and 

selection control means for selectively supplying 
outputs of the calculation means and the power 
monitoring means to said second control means, 
said second control means controlling the second 
etalon in response to the selected output of the 
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calculation means and the power monitoring photosensor means comprises a first and a second pho- 

means. tosensor for receiving the two divided parts of the light 

3. A laser device comprising: reflected by said second etalon, wherein a difference 
a laser resonator including a first and a second etalon between outputs of said first and second photosensor 

having distinct transmission band widths, wherein a 5 vanishes when the transmission wavelength of said sec- 
transmission bandwidth of the first etalon is nar- ond etalon is adjusted to the predetermined wavelength, 
rower than a transmission bandwidth of the second said control means controlling said second etalon so as 
etalon; to reduce the difference of the outputs of the first and 

a light source emitting light on at least one of said second photosensor to zero, 

etalons; 10 7. A laser device as claimed in claim 6, wherein said 

photosensor means for detecting an intensity of light dividing means comprises a beam splitter disposed be- 

emitted from said light source and reflected by said tween the light source and the totally reflective mirror 

one of the etalons; and of the laser resonator. 

control means, coupled to an output of said photosen- 8. A laser device as claimed in claim 5 f further cen- 
sor means, for controlling the transmission wave- IS prising: diverging means for diverging the light emitted 
length of said one of the etalons to a predetermined from the light source into two parts, and wherein said 
wavelength in response to the intensity of light photosensor means comprises a first and a second pho- 
detected by said photosensor means. tosensor for receiving the two diverged parts of the 

4. A laser device as claimed in claim 3, wherein said light reflected by said second etalon, wherein a differ- 
light source emits light at a wavelength different from 20 ence between outputs of said first and second photosen- 
an oscillation wavelength of a laser beam outputted sor vanishes when the transmission wavelength of said 
from the laser resonator, said light source emitting light second etalon is adjusted to the predetermined wave- 
to said one of the etalons along an optical axis of said length, said control means controlling said second eta- 
laser resonator via a totally reflective mirror of said Ion so as to reduce the difference of the outputs of the 
laser resonator. 25 first and the second photosensor to zero, 

5. A laser device as claimed in claim 4, wherein said 9. A laser device as claimed in claim 8, wherein said 
one of the etalons is said second etalon. diverging means comprises a concave lens disposed 

6. A laser device as claimed in claim 5, further com- between the light source and the totally reflective mir- 
prising: dividing means for dividing the light emitted ror of the laser resonator. 

from the light source into two parts, and wherein said 30 * * * * * 
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ABSTRACT 



In a semiconductor laser apparatus of the invention, a 
laser beam emitted from a semiconductor laser is colli- 
mated by an optical leans, and is subsequently split by a 
beam splitter in two directions. One split laser beam 
component is focused on a first photodetector through 
an optical lens. The other laser beam component is 
incident on a Fabry-Perot* resonator, and is changed in 
intensity thereby. The laser beam component is then 
focused on a photodetector through an optical lens. The 
Fabry-Perot resonator is integrally designed such that 
dielectric multilayer films are respectively deposited on 
both the end faces of a crystalized quartz bulk, which is 
shaped into a columnar shape extending in the C-axis 
direction, so as to form a pair of reflect filters. Since the 
bulk is made of crystalized quartz it is not easily influ- 
enced by changes in temperature. 

30 Claims, 11 Drawing Sheets 
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on the order of submicrons. In the third place, the ambi- 
SEMICONDUCTOR LASER APPARATUS ent temperatures of the two reflecting mirrors 191 and 

192 must be controlled with a precision of 0. 1 0 C. or less 
BACKGROUND OF THE INVENTION because the two reflecting mirrors 191 and 192 and their 

1. Field of the Invention 5 holder (not shown) expand or contract depending on 
The present invention relates to a semiconductor changes in temperature and humidity so as to change 

laser module and a laser wavelength control apparatus ^ e distance L. In the last place, the positions of the two 

used for optical communication. reflecting mirrors 191 and 192 tend to shift from each 

2. Description of the Related Art other due to an external impact. Because of these limita- 
FIG. 1 shows a conventional semiconductor laser 10 tions, the Fabry-Perot resonator 19 is difficult to manu- 

module which can be used for optical communication. . facture. In addition, the Fabry-Perot resonator 19 tends 

Referring to FIG. 1, reference numeral 11 denotes a to exhibit variations in characteristics and is susceptible 

semiconductor laser. The oscillation wavelength (oscil- to variation due to external factors. Therefore, stable 

lation frequency) of the semiconductor: laser 11 can be control of the wavelength of the semiconductor laser is 

controlled by changing its injection current or tempera- 15 difficult. 

ture. Light Si emitted from the left side of the semicon- In the above-described: means for controlling the 

ductor laser 11 in FIG. 1 is focused on an optical fiber wavelength of a semiconductor laser, a set wavelength 

14 for optical transmission through optical lenses 12 and is not located at the center of the wavelength capture 
13. Light S2 emitted from the right side of the semicon- range, as shown in FIG. 4. Since the wavelength cap- 
ductor laser 11 in FIG. 1 is collimated by an optical lens 20 ture range cannot be effectively used for stable feed- 

15 and is split by a beam splitter 16 in two directions. back control, such a means is difficult to operate. Espe- 
One split light component S3 is focused on a first photo- cial]V) if the f meneS s of the Fabry-Perot resonator 19 is 
detector (eg., a photodiode) 18 through a optical lens increased to improve its sensitivity, this tendency be- 
17. The other light component S 4 undergoes a change in comes more conspicuous. Therefore, the sensitivity is 
intensity through a Fabry-Perot resonator 19 and^is 25 difricult t0 improve. In addition, since control by this 
focused on a second photodetector (e.g., photodiode) mcans is performed in a DC manner , its operation is 
21 through an optical lens 20. susceptible to drifts. That is, the set wavelength preci- 

The : Fabry-Perot resonator 19 is designed such that a si(m js afiected , b ch in sensitivity of tne 

n£S K ^!^7i ! e ^ COn T Ung ° f 30 photodetectors 18 and 21, changes in sensitivity of an 

t^ZflS^ 30 * unit.2, for 

19 has a characteristic that a light intensity is repeatedly "P"*"* ^mput signal and a O.point dnft but also 

changed at a period of a free spectral interval C/2nL b * \ m ^ J™ 0 ™ 1 due t0 dust the like in an 

(C: light velocity; n: refractive index in the Fabry-Perot °P tlcaI P ath * For tm ? reason ' * ,s ver >: d f l ™ [t t0 stabl * 

resonator) with respect to the frequency of incident 35 Il2e a set wavelength over a long penod of time, 

light, as shown in FIG. 2. For this reason, light which is SUMMARY OF THE INVENTION 
incident on the Fabry-Perot resonator 19 undergoes a 

change in intensity in accordance with its frequency, U 1S an ob J ect of the P resent invention to provide a 

and a detection output from the second photodetector semiconductor laser apparatus which allows stable and 

21 undergoes a change in level due to the change in 40 easy control of the oscillation wavelength of a semicon- 

intensity. Therefore, the oscillation wavelength of the ductor laser » » not easil y influenced by temperature and 

semiconductor laser 11 can be obtained by measuring a humidity as external factors, and is resistant to changes 

ratio of an output from the first photodetector 18, m quality over years. 

which receives light free from an intensity change, to an A semiconductor laser apparatus comprises a semi- 
output from the second photodetector 21, which re- 45 conductor laser for emitting a laser beam, a Fabry-Perot 
ceives light which is changed in intensity. resonator including a crystallized quartz bulk having 

In the conventional apparatus, therefore, as basically two flat surfaces which are perpendicular to a C-axis 
shown in FIG. 3, both outputs from the first and second direction and parallel and opposite to each other, the 
photodetectors 18 and 21 are input to a feedback con- Fabry-Perot resonator being provided with dielectric 
trol unit 22, and an oscillation wavelength is obtained 50 multilayer films respectively deposited on the flat sur- 
by the control unit 22 on the basis of the level difference faces so as to form reflect filters, and the crystallized 
between the outputs. The temperature or injection cur- quartz bulk being arranged on an optical axis of one of 
rent of the semiconductor laser 11 is changed in accor- laser beams emitted from the semiconductor laser in 
dance with the obtained oscillation wavelength, such a manner that the C-axis direction is parallel to the 
thereby controlling the oscillation wavelength of the 55 optical axis of said semiconductor, thereby detecting a 
semiconductor laser 11 to be a desired oscillation wave- wavelength of incident light; and a photodetector for 
length. FIG. 4 shows a relationship between the oscilla- receiving and photoeiectrically converting light which 
tion wavelength of the semiconductor laser 11 and a is transmitted through the Fabry-Perot resonator, 
detection level difference from the feedback control A semiconductor laser apparatus comprises a semi- 
unit 22, and also shows the wavelength capture range of 60 conductor laser for emitting a laser beam, a Fabry-Perot 
the control unit 22. resonator which is designed such that two types bulks 

The conventional . Fabry-Perot resonator 19 used in having different temperature coefficients are bonded to 

the above-described semiconductor laser module must each other to be formed into a bulk assembly, dielectric 

be designed under the following conditions and limita- multilayer films are respectively deposited on two flat 

tions. In the first place, the two reflecting mirrors 191 65 surfaces of said bulk assembly, which are formed to be 

and 192 must be arranged with a parallelism on the parallel and opposite to each other through bonding 

order of seconds. In the second place, the two reflecting surfaces of said bulks, so as to form reflect filters, said 

mirrors 191 and 192 must be arranged at the interval L bulk assembly being arranged on an optical axis of one 
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of laser beams emitted from said semiconductor laser in FIG. 17 is a graph, showing the wavelength-output 
such a manner that the flat surfaces are perpendicular to characteristics of each component, for explaining an 
the optica] axis of said semiconductor, thereby detect- operation; 

ing a wavelength of incident light; and a photodetector FIG. 18 is a view showing an arrangement of the 
for receiving and photoelectrically converting light 5 second embodiment of a laser wavelength control appa- 
which is transmitted through said Fabry-Perot resona- ratus according to the present invention, which is ob- 
tor. tained by improving the laser wavelength control appa- 

Additional objects and advantages of the invention ratus in FI G- 16; and 
will be set forth in the description which follows, and in FIG- 19 is a view showing an arrangement of a semi- 
part will be obvious from the description, or may be 10 conductor laser module and the third embodiment of its 
learned by practice of the invention. The objects and Iaser wavelength control apparatus according to the 
advantages of the invention may be realized and ob- present invention. 

tained by means of the instrumentalities and combina- DETAILED DESCRIPTION OF THE 

tions particularly pointed out in the appended claims. {$ PREFERRED EMBODIMENTS 

BRIEF DESCRIPTION OF THE DRAWINGS FIG. 5 shows the first embodiment of a semiconduc- 

The accompanying drawings, which are incorpo- tor laser modulc according to the present invention, 

rated in and constitute a part of the specification, illus- Referring to FIG. 5, reference numeral 31 denotes a 

trate presently preferred embodiments of the invention, - n semiconductor laser. By changing the injection current 

and together with the general description given above or tem P erature of the semiconductor laser 31, wave- 

and the detailed description of the preferred embodi- Ien J th contro1 m a L55 '^ m wavelength band can be 

ments given below, serve to explain the principles of the P er \ ormed - Ll S h t Sj emitted from the left side of the 

invention semiconductor laser 31 in FIG. 5 is focused on an opti- 

FIG. lis a view showing an arrangement of a con- 25 ^ Sf T ° P u^i transm f r ion th J ou & 0 ? l ™[ 

ventional semiconductor laser module; *? nses 3 ? an * 33 * Ll « ht S * from the n S hl Slde of 

FIG. 2 is a graph showing the light intensity charac- ^e semiconductor laser 31 in FIG. 5 ,s collimated by an 

teristics of a Fabry-Perot resonator in FIG. 1 with re- °? tK f lenS 35 ,S r S P ht by a beam ? htt f 36 "? tW0 

spect to the frequency of incident light; n«f w ? B ^^Tfl l l!°™* d ? n a 
FIG. 3 is a view showing an arrangement of a laser 30 2iK£^^ 't' * photodiode) 38 through an 

u »*» A i M »*k f r«u optical lens 37. A detection output from the first photo- 

ti^T^^^ detect ° r 38 is used « a P° wer ^mtor output. The 

V fc - k m other ^ !i * ht component S 4 is transmitted through a 

J££ ™? 1 T S " relat,0 " sh, f Fabry-Perot resonator 39 consisting of a crystallized 

T ? ^ ? 8 ' ^ C ° n " « etalon whose C ™ s » etched with an optical 

polled by the control apparatus in FIG. 3 and a detec- 35 ^ of the semiconductor laser 31 , and is focuscd P on a 

tion level difference obtained by a feedback control second photodetector (e . g . f a p hotodiode) 41 through 

unit, and showing the wavelength capture range of the ^ optical lens 40 

feedback control unit; ^ Fabry . Perot re sonator 39 is designed such that 

FIG. 5 is a view showing an arrangement of the first refIect fllters 392 and 393 arc reS p C ctiv e Iy formed by 
embodiment of a semiconductor laser module accord- 40 deposi(ing die iectric multilayer films on both the end 

m i£ / preSt : nt mvent,on i faces (top and bottom surfaces) of a bulk 391 which is 

FIG. 6 is a view showing an arrangement of the sec- shaped to extend in the Oaxis direction in the form of a 

ond embodiment of a semiconductor laser module ac- column. The parallelism of the surfaces 392 and 393 and 

cording to the present invention; a distance L therebetween depend on only the shaping 

FIG. 7 is an enlarged view of a Fabry-Perot resonator 45 precision of the bulk 391. The bulk 391 can be shaped on 

in FIG. 6; the order of seconds in terms of angles and on the order 

FIG. 8 is a view, showing an arrangement of a Fabry- of submicrons in terms of lengths. Any consideration 

Perot resonator, for explaining the third embodiment of need not be given to a positional shift of the two reflect 

a semiconductor laser module according- to the present filters 392 and 393 due to an external impact. In addi- 
invention; 50 tion, since the reflect filters 392 and 393 are formed on 

FIG. 9 is a view showing an arrangement of the the solid body of the crystallized quartz bulk 391, they 

fourth embodiment of a semiconductor laser module are not easily influenced by temperatures, 

according to the present invention; An optical length L between the two reflect filters 

FIG. 10 is a view showing an arrangement of the fifth 55 392 and 393 as a function of temperature can be repre- 

embodiment of a semiconductor laser module accord- sented by the following equation: 
ing to the present invention; 

FIG. 11 is a view showing an arrangement of the ^^(if^Sm 1 ^'^ 1 ^ m 
sixth embodiment of a semiconductor laser module 

^i?^^ 1 "^- * * u 60 where n ° is the refractive index of the crystallized 

FIGS. 12 and 13 are enlarged views of part of the quartz at T=0 , dn/dT is an amount of change in refrac- 

^^T^ ^he jnodule in FIG. 11; tive index with respect to tne tempe rature, T is the 

FIGS. 14 and 15 are views respectively showing temperature, Lo is the physical length of the etalon at 

mo&ficaUons of the sixth embodiment; T =0, and a is a linear expansion coefficient. According 

FIG. 16 is a view showing an arrangement of a semi- 65 to equation (1), the influence of changes in temperature 

conductor laser module and the first embodiment of its on the optical length L is reduced as the following value 

laser wavelength control apparatus according to the is decreased: 

present invention; 
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a+(l/noMdn/dT) 
In this case, 



lowing numbers are substituted into equations (3) and 
(4): 



(2) 



i = !.53,ai=0.8Xl0- 5 . dn\/dT. =-7X10"* 
«02=2A a 2 =0.9x 10" 5 . dm/dT= - 4x lO' 5 



Then, the temperature coefficients 7/ and yi are given as 
equations (5) and (6): 



10 



yias3xl0-Vrf« 
y 2 ^XlO' 6 /deg 



(5) 
(6) 



15 



The value y of fused silica which is often used for an 
etalon is about 7xl0- 6 /deg. In contrast to this, the 
crystallized quartz exhibits a very small value y about 
3x 10~ 6 /deg, when light is incident in the C-axis direc- 
tion. Therefore, by using the crystallized quarty bulk 
391, a wavelength detecting precision of 0.1 A or less 
can be ensured at about 1'C. 

As described above, a Fabry-Perot resonator consist- 
ing of a crystallized quartz etalon uses a Z-cut crystal- 
lized quartz The temperature coefficient 
y(y=a+(i/n)*(dn/d7), where a: a linear expansion 
coefficient; n: a refractive index; dn/dT: an amount of 
change in refractive index with respect to a temperature 
change) of the Z-cut crystallized quartz is about 
3x 10~ 6 /deg. Therefore, even the Fabry-Perot resona- 
tor using the Z-cut crystallized quartz having a rela- 
tively small temperature coefficient cannot satisfy the 
demand for temperature control with a precision of 0.1" 

^"™i CS i" i_ • * , . , In the above embodiment, the two optical materials are 
FIG. 6 shows a semiconductor laser module accord- 25 , u _ u ^ ^ ^ J: 

ing to the second embodiment of the present invention, 



Each temperature coefficient is obtained when light is 
transmitted through the C axis of each optical material. 
As is apparent from equations (5) and (6), the absolute 
value of y2 is about 2.7 times that of y\. Therefore, if the 
physical lengths 101 and 102 of the optical materials are 
adjusted to establish the following equation (7), the 
2Q length L of the Fabry-Perot resonator 42 can be set to 
be constant with respect to variations in temperature: 



noiloi:no2l02=2.7:I 



(7) 



which: is designed to solve the above-described prob- 
lem. The same reference numerals in FIG. 6 denote the 
same parts as in FIG. 5, and a description thereof will be 
omitted. 30 

The semiconductor laser module shown in FIG. 6 is 
different from that shown in FIG. 5 in the structure of 
a Fabry-Perot resonator 42. This Fabry-Perot resonator 
42 is designed as follows. A columnar bulk 421 consist- 
ing of a first optical material (crystallized quartz in this 35 
case) and a columnar bulk 422 consisting of a second 
optical material (rutile in this case) are bonded to each 
other in such a manner that their C axes are positioned 
in the same direction. Dielectric multi-layer films are 
then respectively deposited on both the end faces of the 40 
resultant structure, thus forming reflect filters 423 and 
424. 

FIG. 7 shows an enlarged view of the Fabry-Perot 
resonator 42. As shown in FIG. 7, the length of the 
Fabry-Perot resonator 42 is represented by L. The 45 
length L can be represented by the following equation; 



L=floiIOl[l + jr.{a]+0/no)Hrf«!/rf7)}l + rt02l02n- 
+ r.{a2+(l//to2M<fr:/<*7)>] 



(3) 



where T is a temperature, noi and no2 are the refractive 
indexes of the crystal and the rutile at T=0, dni/dT and 
dn2/dT are respectively amounts of change in refrac- 
tive index with respect to the temperatures of the crys- 
tallized quartz and rutile, 101 and 102 are respectively 
the physical lengths of the crystallized quartz and rutile 
at T=0, and ai and a2are respectively the linear expan- 
sion coefficients of the crystallized quartz and rutile. 

In equation (3), if the coefficient part (temperature 
coefficient) of the temperature T of the crystallized 
quartz is given as yu and that of the rutile is given as 72, 
the following equation can be established: 



50 



55 



60 



noi loifoi +(l/noiMrf«|/rf/)+fl02l(tta2+(l/rtQ2)'W- 
nj/dT)) = «ot loiyl +n(nl02y2 



If the solution of equation (4) is 0, even if T in equation 
(3) is changed, the length L is not changed. In order to 
obtain the temperature coefficients 71 and 72, the fol- 



65 



bonded to each other such that their C-axis directions 
coincide with each other. However, these directions 
need not always coincide with each other. For example, 
the present invention can be equally applied to a case 
wherein a rutile bulk as a second optical material and a 
crystallized quartz bulk as a first optical material are 
bonded to each other in such a manner that the C axis of 
the second optical material is perpendicular to that of 
the first optical material. In this case, if light is polarized 
in an X direction in FIG, 7, since 

/i02«2.65, a 2 = 0.7x 10- 5 , and dn 2 /dT= - 4x I0" 5 , 

the temperature coefficient of the rutile is about 
— 19 X 10 -6 /deg. If light is polarized in ay direction, 
since 

fl„2~2.65, o 2 = 0.7 X 10- 3 , and dnt/dT=-Tx 10- 5 , 

the temperature coefficient of the rutile is about 
- lOx 10- 6 /deg. Therefore, if the ratio of noi lot and 
no2lo2is set to be 6.3:1 when incident light is polarized 
in the X direction, and the ratio is set to be 3.3:1 when 
incident light is polarized in the Y direction, the length 
L of the Fabry-Perot resonator can be kept constant 
with respect to changes in temperature, thus enabling 
stable wavelength control of a semiconductor laser. 

In the semiconductor laser module having the above- 
described arrangement, since the Fabry-Perot resonator 
is constituted by two optical materials having different, 
temperature coefficients, the length of the resonator 
does not vary with respect to changes in temperature. 
Hence, the oscillation wavelength of the semiconductor 
laser can be very stably controlled. 

In the above embodiment, crystallized quartz and. 
rutile are used as optical materials' constituting the 
Fabry-Perot resonator. However, the present invention 
can be applied to a case wherein a Fabry-Perot resona- 
tor is constituted by a combination of fused silica and 
rutile. In addition, if a Fabry-Perot resonator is consti- 
tuted by a combination of other optical materials having 
different temperature coefficients, the same effect as 
described above can be obtained. Furthermore, in the 
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first and second embodiments, columnar bulks are ex- The dielectric single-layer film B is porous, and its 

emplified. However, the shape of a bulk is not limited to refractive index nH is given by the following equation: 
this. For example, the present invention can be applied 

to a case wherein a hexahedral bulk is used. (n^-^V^+Wj-d -/Wi-ZW-ns 2 ) 

In a conventional apparatus, a half reflecting mirror 5 /<^+W)+/^-„ J ty(»^W)> (6) 

used for a Fabry-Perot resonator consists of a dielectric ^ rrfractive materia] 

mulhlayer film havmg a packing density of about 0.9 It . ^ refractive index of a void (= I), n«,is the re- 

k known that the wavelength charactenst.es of tins fra(tive ^ Q[m ab tive = U3)> p is a 

^ mnlt ? ayer flkn . ^I 18 ? P^g^'ty ^ packing densitVi ^ f is the OCCU p ation ra ,i 0 of the 

agshiftdependmgonahimiiditym atr. Intheconven- 10 abso tive materia] to the void . As ^ t from 

Uonal apparatus, however, a half reflection mirror hav- ation (g) f is ^ wkh a ch fa numiditVj 

nig such a packing dens.ty is considered to be sufficient and „„ b ch d with this change . In this casc , the 

for a Fabry-Perot resonator for the following reasons: tnickness of the single-layer film is given is I its wave- 

(1) The characteristics of a Fabry-Perot resonator arc 15 length gj ven „ K and ^ refractive inde x „„ at f=0 

given as follows: k g^,, ^ nflD> ^ f actors are ^ to establish the 



B=4vnL<os 9/\ 



following equation: 



20 

where 0 is a phase difference of the Fabry-Perot resona- In ¥l f 8 ' re(lec * d "^components a, and a 2 will be 

tor, 8 is the incident angle of light radiated on the ^ ft " n \T t re ^^"^«™P h - 

Fabry-Perot resonator, F is the fineness of the Fabry. tudes ? f ' he refle h cted ^ components, and the follow- 

Perot resonator, and R is the reflectivity of a reflecting ,n * rclatl ° n 0311 be 

mirror. According to these equations, the wavelength 25 |a 1 {={a 2 {«(«w-«L)/(n«+n L )=a 

axis of the characteristics is influenced by only nLcos 6 

and does not depend on a wavelength shift of the multi- if aj and &2 ^ e obtained in this relation, 
layer film. 

(2) The reflectivity characteristics of a dielectric 0l =^ w,+,r ) (9) 
multilayer film used for the Fabry-Perot resonator are 30 

gradually changed with changes in wave-length. There- a 2 =a^^ -fflxz/x^Ui+^i +6» (10) 
fore, even if a wavelength shift of the multilayer film 

occurs due to a humidity change, a change in reflectiv- where n///nwo= 1 +6. According to equations (9) and 

ity is very small, and no problem is posed. ( 10 ) : 

It was found from high-precision experiments on the 35 _ * w/+ir) ^ 6 

above-described points that the refractive index of a ai+<n-a w U+ ) 

dielectric multilayer film constituting a reflecting mir- refractive single-layer 
ror was changed by 5 to 6% due to the influences of ffl . ch ^ ^ f reflected * ' . 
humidity. This changed the phase of a reflected wave, ch d b ^ ^5/^,^, < <l)t 
and hence the wavelength characteristics of the resona- As descfibed abovet ^ a Vabry-Perot resonator, a 
tor shifted. If the wavelength characteristics of the shift of the wavcI th charact eristics due to a phase 
Fabry-Perot resonator shift, the oscillation wavelength deviation of a renected wave from a reflect fllter is 
of a semiconductor laser using the wavelength of the more mfluentia] than a change in reflection coefTlcient a 
resonator as a reference wavelength shifts accordingly. 45 by 1% In the present invention( a wave length shift of a 
Therefore, a stable operation of the Fabry-Perot resona- semiconductor laser due to such a phase shift is consid- 
er with respect to humidity cannot be performed. ered M an important pro blem. If a wavelength shift 
Since humidity is generally associated with tempera- am0U nt is d\, a\=(6/7i)3A = \28/4A 
ture, a resonator which has poor humidity stability 

tends to have poor temperature stability. Since a reflect 50 where h is an effective resonator length. In this case, 

filter is also constituted by a dielectric multilayer film in ti h = nL dA = (\/2w)( , n'6 /2) = \8/4 
the above-described embodiments, the same problems 

as described above arc posed. with the substitution of actual numbers, i.e., h=2 mm, 

FIG. 8 is a view, showing reflect filters consisting of \ = 1.5 u.m, and 6=0.05, a8 is 0. 14 A. This corresponds 

the above-described dielectric multilayer film of a semi- 55 to a variation of 2.5% of a free space spectral interval 

conductor laser module according to the third embodi- (A 2 /2h). 

ment of the present invention, for explaining a means The above-description is associated with a single- 

for stabilizing the wavelength of a semiconductor laser layer film. A phase change amount is increased almost 

by reducing changes in refractive index due to humidity in proportion to the number of layers, and a wavelength 

and suppressing a shift of wave-length characteristics of 60 shift is also increased. In contrast to this, variations in 

a resonator. reflection amount due to humidity tend to be suppressed 

That is, FIG. 8 shows a Fabry-Perot resonator as a in a multilayer film as compared with a single-layer film, 

simple model, in which dielectric single-layer films B and hence a wavelength shift poses a greater problem, 

each having a refractive index n// and an optical length Under the circumstances, in the present invention, each 

l=7r/4 are respectively formed on both the end faces of 65 reflect filter of a Fabry-Perot resonator is constituted by 

a substance A (air in a conventional apparatus and the a dielectric multilayer film having a packing density of 

crystallized quartz bulk in the first embodiment) having 0.98 or more. As is apparent from equation (8), a change 

a refractive index nz. and a length L. in refractive index due to humidity is reduced with an 
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increase in packing density. Therefore, a phase change In the semiconductor laser module having the above- 

of a reflected wave from the reflect filter can be sup- described arrangement, since the humidity with respect 

pressed with an increase in packing density. With : a to the Fabry-Perot resonator 19 is constant, the refrac- 

decrease in length of a Fabry-Perot in particular, the tive indexes of the reflecting mirrors 191 and 192 can be 

amount of wavelength shift is increased, as is apparent S set to be constant. If, therefore, the above-described 

from equation (1 1). Therefore, such a dielectric multi- laser wavelength control apparatus is arranged in this 

layer film is very effective for a resonator having a module, the oscillation wavelength of a semiconductor 

length of S mm or less. laser 11 can be detected with high precision, and a laser 

If each reflect filter of a Fabry-Perot resonator is beam having a stable wavelength can be obtained, 
constituted by a dielectric multilayer Film having a 10 In the above embodiment, the present invention is 
packing density of 0.98 or more, the wavelength char- applied to the semiconductor laser module using a gen- 
acteristics of the resonator can be stabilized, thereby eral Fabry-Perot resonator. However, the present in- 
stabilizing the oscillation wavelength of a semiconduc- vention can be equally applied to a semiconductor laser 
tor laser in a semiconductor laser wavelength control module using a Fabry-Perot resonator consisting of 
apparatus incorporating this resonator. In addition, IS etalon shown in FIGS. 5 and 6. In addition, the package 
since the humidity is a function of temperature, the need not necessarily cover the entire module but may be 
stability of the apparatus having the above-described designed to cover only the Fabry-Perot resonator 
arrangement with respect to temperatures can be im- whose humidity change especially influences stability of 
proved. a wavelength. Furthermore, a better effect can be ob- 

Note that dielectric multilayer films are formed by an 20 tained by combining this embodiment with the third 

electron beam depositing apparatus, a sputtering appa- embodiment described with reference to FIG. 8. 

ratus, or the like. In order to form a dielectric multilayer FIG. 10 shows an arrangement of the fifth embodi- 

film having a high packing density, each apparatus must ment of a semiconductor laser module according to the 

be improved to some degree. Similar to this embodi- present invention, which is designed to reduce a change 

ment, even if each reflect filter of a Fabry-Perot is con- 25 in refractive index of the above-described Fabry-Perot 

stituted by a dielectric multilayer film having a packing resonator due to its own humidity and suppress a shift of 

density of 0.98 or more in the embodiments shown in the resonator wavelength characteristics, thereby stabi- 

FIGS. 5 and 6, the same effect can be obtained. lizing the wavelength of a semiconductor laser. The 

Instead of using the above-described means for sup- same reference numerals in FIG. 10 denote the same: 

pressing a shift of the wavelength characteristics of a 30 parts as in FIG. 5, and a description thereof will be 

Fabry-Perot, a means for reducing a change in refrac- omitted. 

tive index of a resonator due to the environmental hu- A Fabry-Perot resonator 39 consisting of the above- 

midity of the resonator may be considered. described etalon is designed such that dielectric multi- 

FIG. 9 shows an arrangement of the fourth embodi- layer films are respectively deposited on both the end 

ment of a semiconductor laser module according to the 35 faces of a crystal bulk 391 so as to form reflect filters 392 

present invention, which is designed to reduce a change and 393. In this case, the phase of reflected light is 

in refractive index of the Fabry-Perot resonator due to changed when the dielectric multi-layer film is influ- 

the environmental humidity of the resonator and to enced by humidity, and the wavelength characteristics 

suppress a shift of resonator wavelength characteristics, of the Fabry-Perot resonator are shifted. In this em bod i- 

thereby stabilizing the wavelength of a semiconductor 40 ment, therefore, in order to air- tightly seal the Fabry- 

laser. The same reference numerals in FIG. 9 denote the Perot resonator 39, the resonator is housed in a package 

same parts as in FIG. 1, and a description thereof will be 44. The package 44 is constituted by lids 443 respec- 

omitted tively including windows 441 and 442 and a casing 444. 

Reflecting mirrors 191 and 192 of a Fabry-Perot reso- The Fabry-Perot resonator 39 is housed and fixed in the 
nator 19 in this embodiment are respectively constituted 45 casing 444. The lids 443 and the casing 444 are sealed 
by dielectric multilayer films. As described above, together to air-tightly seal the Fabry-Perot resonator 
therefore, the phase of reflected light is changed due to 39. The windows 441 and 442 are formed to allow inci- 
the influences of humidity. As a result, the wavelength dence and emergence of light, and consist of glass, sap- 
characteristics of the Fabry-Perot resonator 19 are phire, or the like. The peripheral portion of each win- 
shifted. In this embodiment, therefore, in order to air- 50 dow is sealed. 

tightly seal the Fabry-Perot resonator 19, the entire A characteristic .feature of this arrangement will be 
module is housed in a package 43. In order to allow described below. In the embodiment shown in FIG. 9. if 
radiation of a laser beam Si onto an optical fiber .14, a a high-purity gas is filled in the package 43, the wave- 
window 431 is formed at the radiation position of the length characteristics upon assembly of the module: are 
package 431. The window 431 consists of, e.g, glass or 55 shifted. In this embodiment, however, since the Fabry- 
sapphire, and its peripheral portion is sealed. Perot resonator 39 is housed in the package, and is 
In such an arrangement, no moisture enters or es- subsequently attached to the semiconductor laser mod- 
capes from the package 43, and hence the humidity with ule, even if the wavelength characteristics of the Fabry - 
respect to the Fabry-Perot resonator 19 is constant. Perot resonator housed in the package 44 are shifted, its 
Since a semiconductor laser module generally performs 60 wavelength characteristics can be set by only adjusting 
temperature control by using a Peltier element or the the incident angle at the time of attachment of the reso- 
like, if the moisture content and temperature in the nator to the semiconductor laser module. According to 
package 43 are constant, the humidity has a constant the arrangement of this embodiment, therefore, in addi- 
value. If, however, no temperature control is per- .don to the effect of the embodiment in FIG. 9, another 
formed, constant humidity cannot be set even with a 65 effect can be obtained, i.e., complicated adjustment 
constant moisture content. In such a case, a dry, high- after assembly of the module can be omitted, 
purity inert gas or nitrogen may be sealed in. the pack- In this embodiment, the Fabry-Perot resonator con- 
age 43. sisting of etalon is housed in the package. However, this 
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embodiment can be equally applied to a conventional in FIG. 12, and f is the focal length of the optical lens 

Fabry-Perot resonator consisting of a pair of reflecting 35. The inclination angle 9 \ is set to be equal to that of 

mirrors. In addition, a better effect can be obtained by the other reflect filter 473 so as to cause the axis of 

combining this embodiment with the third embodiment incident and output light components on and from the 

described with reference to FIG. 8. 5 Fabry-Perot resonator 47 to be parallel to each other. 

In the first embodiment shown in FIG. 5, when the When the reflect filters 472 and 473 of the Fabry- 

reflect filter 392 of the Fabry-Perot resonator 39 is Perot resonator 47 are inclined at fli as defined by in- 

perpendicular to the optical axis of incident light, light ^ (12) ^ ftom the ^conductor laser 31 

W n ° , a ^li™ ? ,*rw Fa ^" P T- reS ° na ^ r 39 u W retun » to *e module space opposite to the side on 
reflected by the reflect filter 392 and is returned to the 10 whicn the semic onductor laser 31 is mounted. There- 

TH ™ ™ S rhf^ ^ r , t ? ndfa ^° f fore - light does not return to the end face of the 

a sub-mount on which the semiconductor laser 31 is . , ** . . , . r , 

mounted. As a result, the oscillation frequency of the ^^ductor laser 31 or the end face of the sub-mount 

semiconductor laser 31, the intensity of a laser beam, *\ In tms f^'nce dl srna11 ' on] y a SfnaI1 inch - 

and the like become unstable. As the reflect filter 392 of ,< natl0 . n * l This prevents a great reduc- 

the Fabry-Perot resonator 39 is inclined with respect to tton m amount of ll 8 ht transmitted through the resona- 

the optical axis, an amount of light which is transmitted tor 47 and degradation m fineness. As shown in FIG. 13 

through the resonator 39 is decreased, and the fineness ( the reference numerals in FIG. 13 denote the 

is degraded. Therefore, as the inclination angle of the samc ^ m m FIG * u * and 3 description thereof will 
reflect filter 392 is increased, an amount of light which 20 be omitted), the reflect Filters 472 and 473 may be in- 

is incident on the photodetector 41 as a frequency de- eluding in the opposite direction to that in FIG. 12. In 

tection monitor is decreased, and hence is disadvanta- .^is case, an inclination angle O2 may be set as follow: 
geous in terms of wavelength stability. 

FIG. 11 shows the sixth embodiment which is de- »2>d 2 /2f (13) 
signed to solve this problem. The same reference nu- 

merals in FIG. 11 denote the same parts as in FIG. 5, whe . re d 2 is the distance from the active layer 311 of the 

and a description thereof will be omitted. semiconductor laser 31 to the lower surface of the sub- 

A semiconductor laser 31 is mounted on a sub-mount mount 46 as shown in FIG. 13. In this case, light S5 
46 on a laser system 45. Light S2 emitted from one side reflected by the reflecting surface 472 returns to a lower 
of the semiconductor laser 31 is split by a beam splitter 30 side tnan tne lower surface of the sub-mount 46 but does 
36. One split light component S3 is received by a first not return to the end face of the semiconductor laser 31 
photodetector 38 through an optical lens 37. The other or the end face of the sub-mount 46. 
split light component S4 is incident on a Fabry-Perot In the semiconductor module having the above- 
resonator 47 consisting of a crystallized quartz etalon described arrangement, since the reflect filters of the 
and having substantially the same arrangement as that ^ Fabry-Perot resonator on which a laser beam is incident 
shown in FIG. 5, Although reflect filters 472 and 473 are properly inclined, reflected light does not return to 
respectively formed on both the end faces of a crystal- the end face of the semiconductor laser or the end face 
lized quartz bulk 471 of the Fabry-Perot resonator 47 of the sub-mount. Therefore, a reduction in amount of 
are parallel to each other, they are not perpendicular to transmitted light can be minimized, and stabilization of 
the optical axis of the incident light S 4 and are inclined the wavelength of the semiconductor laser can be real- 
at a certain angle. The light which is transmitted i 2 ed without degrading the fineness, 
through the Fabry-Perot resonator 47 is received by a Even if the mount position of the semiconductor laser 
second photodetector 41 through an optical lens 40. 31 i s changed as shown in FIGS. 14 and 15, the reflect 
Outputs from the first and second photodetectors 38 fii te rs 472 and 473 of the Fabry-Perot resonator 47 may 
and 41 are used for control of stabilizing the wavelength be inclined on thc basis of i nequa i ity (i 2 ) 0 r (13) so as 
of the semiconductor laser 31 through the above- not to cause the reflected light S 5 to return to the end 
described feedback control. face of the semiconductor laser 31 or of the sub-mount. 

An operator 1 performed when the reflect filters 472 Note that in FIGS M and 15 reference numera , s ^ 

and 473 of the Fabry-Perot resonator 47 are inclined as and 51 denote moduIe b 49 and 52 laser st and 

in FIG. 11 will be described below with reference to g 0 ^ 53 su b_ mounts 

FIG. 12. FIG. 12 shows an enlarged view of the semi- 30 r „ Ju~,~ a<~~~u^ ™u .r— . *u « . *-u 

conductor laser 31, the optical tans 35, and the reflect ^fT^t m ™" nem ' th f ^ flkerS 

filter472of the Fabry-Perot resonator 47. Forthesake 4 ? ™ d „ 4 ° f ^ Fabry-Perot resonator 47 are m- 

of a simple description, the beam splitter 36 is omitted chne k d * r / the m ? e £ e u ct " described abo ^ 

from FIG 2 can be obtained by using the Fabry-Perot resonator 39 

Referring to FIG. 12, light $5 reflected by the reflect 55 shown in FIG. 5 without any modification, and includ- 

filter 472 of the Fabry-Perot resonator 47 does not re- ,ng the cnUrc body of the resonator at a predetermined 

turn to the end face of the sub-mount 46 on which the an S le - U ls a PP arent that th e Fabry-Perot resonator used 

semiconductor laser 31 is mounted because of the inch- m tms embodiment can have any shape as long as the 

nation of the reflect filter 472 but returns to the module relatl <>n represented by inequality (12) or (13) is satis- 

space opposite to the side on which the semiconductor 60 fied ' Therefore, this embodiment can be equally applied 

laser 31 is mounted. In this case, an inclination angle 9\ *?» a hexahedral Fabry-Perot resonator. In addi- 

of the reflect filter 472 with respect to the vertical plane tion * tne sam f effect as described above can be obtained 

of the optical axis is set as follows: (torn a combination of the second to fifth embodiments. 

FIG. 16 shows a semiconductor laser module arid the 

$\ >d|/2f .02) 65 first embodiment of its laser wavelength control appara- 
tus according to the present invention. FIG. 16 shows 

where dt is the distance from the upper surface of the an arrangement which is designed to control the oscilla- 

semiconductor laser 31 to an active layer 311 as shown tion wavelength of the semiconductor laser 31 in the 



05/12/2004, EAST Version: 1.4.1 



4,998,256 

13 14 

semiconductor laser module shown in FIG. 5, The same Since the output V3 is obtained by calculating the 

reference numerals in FIG. 16 denote the same parts as product of the two signals Vi and Vi and removing 

in FIG. 15, and only different portions will be described high-frequency components therefrom, 
below. 

Referring to FIG. 16, a bulk 541 of a Fabry-Perot 5 ()6) 
resonator 54 used in this embodiment is formed into a 0 -C{d P /dk)ahm *>* 
rectangular parallelepiped shape having square or rect- = - c^a/xx^k 1 - cos2«o 
angular end faces, and dielectric multilayer films are . y ^ a ^c{4p/dK){a l n) 
respectively deposited on both the end faces (each hav- 
ing a Z-cut surface which is cut in the Z-axis direction 10 ^ . the t V3 from the synchronous detec . 
(perpendicular to the C-axis direction)) of the bulk 541 tion ^ 56 i$ proportional t0 the alternate long and 
so as to form reflect fdters 542 and 543. A pair of elec- dashed curve obtained by dif f er entiating the solid curve 
trode plates 544 and 545 are attached to a pair of side ^ feedback contro n er 57 receives the output after 
surfaces (X-cut surfaces cut in the X-axis direction) ^ synchronous detection as the error signal V3, and 
which are perpendicular to the Z-cut surfaces and are cont rols the wavelength X of the semiconductor laser 
opposite to each other. This pair of electrode plates 544 31. Therefore, a set wavelength can be matched with 
and 545 are connected to the output terminal of an AC the resonance wavelength of the Fabry-Perot resonator 
power source 55. With this arrangement, an AC signal 54 As is apparent from FIG. 17 the set wavelength is 
V! from the AC power source 55 is applied to the elec- 2Q located at the centcr of the wavelength capture range, 
trode plates 544 and 545 so as to apply an electric field In addit j on( as is apparent from equation (16), variations 
E* in the X-axis direction, thus linearly polarizing inci- in scns i t i vity of the photodetector 40 and variations in 
dent light S 4 in the X- or Y-axis direction. amount of laser beam appear as variations in a and C. 

An output from a second photodetector 41 is supplied However, since the error signal is controlled to set 
to a synchronous detection unit 56 together with an 25 V3=0, these variations cause no variation in set wave- 
output from an AC power source 55. The synchronous tengtk Therefore, the control apparatus having this 
detection unit 56 serves to perform synchronous detec- arrangement is highly resistant to various types of drifts, 
tion by multiplying an output V 2 from the second pho- piG. 18 shows a semiconductor laser module and the 
todetector 41 by an AC input Vi and removing high- second embodiment of its laser wavelength control 
frequency components from the product, and to output 30 apparatus according to the present invention, which has 
the detection result as an error signal to a feedback an arrangement obtained by improving the laser wave- 
controller 57. The feedback controller 57 amplifies the length control apparatus shown in FIG. 16. The same 
input error signal by a predetermined feedback gain and reference numerals in FIG. 18 denote the same parts as 
changes an injection current (or temperature) for deter- i n FIG. 16 and a description thereof will be omitted, 
inining the oscillation wavelength of the semiconductor 35 since the bulk 541 used for the Fabry-Perot resonator 
laser 31 in accordance with the value of the feedback 54 shown in FIG. 16 consists of crystallized quartz the 
gain, thus controlling the error signal to be zero. bulk may be used as a crystal oscillator. In the embodi- 

An operation of the semiconductor laser module and ment shown in FIG. 18, a pair of electrodes 544 and 545 

its laser wavelength control apparatus having the arranged on a bulk 541 are connected to a feedback 

above-described arrangement will be described with 40 circuit 581 so as to constitute a crystal oscillator to- 

reference to FIG. 17 which shows the wavelength char- gether with an amplifier 582. In this arrangement, an 

acteristics of an output from each component. Referring oscillation signal is extracted from this oscillator and is 

to FIG. 17, a solid curve p represents the transmission input to a synchronous detection unit 56 together with 

characteristics of the Fabry-Perot resonator 54 using a an output from a second photodetector 41. According 

crystallized quartz etalon, which have periodic peaks. 45 to this arrangement, since the bulk 541 is oscillated, as 

Assume that the semiconductor laser 31 is oscillated at an oscillator, at a natural resonance frequency, the 

a wavelength indicated by a point A in FIG. 17. Since transmission characteristics of the crystal Fabry-Perot 

the AC signal Vi having a predetermined frequency is resonator can be effectively oscillated without adjusting 

applied to the bulk 541, its transmission characteristics p a frequency. 

vary by a small amount, as indicated by a dotted curve 50 In the embodiments shown in FIGS. 16 and 18, if an 

p\ Therefore, light S4 which is incident on the second error signal is obtained by adding a proper offset volt- 

photodetector 41 through the Fabry-Perot resonator 54 age to an output after synchronous detection, a laser 

is modulated to light S4' by transmission characteristics oscillation wavelength can be set near the resonance 

p - p' of the Fabry-Perot resonator 54. If the AC signal frequency of the Fabry-Perot resonator 54. In addition, 

Vi applied to the bulk 541 is given as 55 the pair of electrode plates 544 and 545 need not always 

be attached to a side surface of the bulk 541. For exam- 

V\-a^n<at (14) pie, these electrodes may be attached to the reflect 

filters 542 and 543 so that incident light S4 is linearly 

then, an AC component V2 extracted from the second polarized in the Y-axis direction upon application of an 

photodetector 41 is approximately represented by the 60 electric field Ez in the Z-axis direction. With this ar- 

following equation: rangement, the same effects as described above can be 

obtained. According to these embodiments, since a set 

l^=-OCrfp/£/X)ff*in aw (15) wavelength is located at the center of the wavelength 

capture range, a stable feedback operation can be easily 

where C is a proportional constant, and dp/dX is a value 65 performed, and the fineness of the Fabry-Perot resona- 

obtained by differentiating the solid curve (the transmis- tor can be improved to increase its sensitivity. In addi- 

sion characteristics of the bulk 541) p by a wavelength tion, since the laser wave-length control apparatus is 

X. not easily influenced by drifts of the optical detection 
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system and the amplifier for amplifying a signal there- 
from, and the like, the oscillation wavelength of a laser 
beam can be stabilized over a long period of time. 
Therefore, a semiconductor laser apparatus suitable for 
coherent optical communication and the like can be 
realized. 

A laser wavelength can be further stabilized by com- 
bining the laser wavelength control apparatuses of the 
first and second embodiments with the respective em- 
bodiments shown in FIGS. 6, 8, 10, 11, and 13 as welt as 
the embodiment shown in FIG. 5. 

In a conventional semiconductor laser module, when 
a laser wavelength is to be stably controlled, a piezo- 
electric element is attached to one reflecting mirror of a 
Fabry-Perot resonator, and an AC signal is applied to 
the piezoelectric element so as to oscillate the reflecting 
mirror. Light emitted from the Fabry-Perot resonator, 
which is changed by this oscillation, is photoelectrically 
converted, and synchronous detection of the converted 
signal is performed with respect to the AC signal. A 
detection signal obtained in this manner is used as an 
error signal in such a manner that feedback control is 
performed on the basis of the error signal so as to 
change the injection current or temperature of the semi- 
conductor laser. 

In this arrangement, since the semiconductor module 
is easily influenced by temperatures as described above, 
it is generally assembled on a member which is stabi- 
lized in terms of temperature by using a Peltier element 



opposite parallel surfaces of the crystallized quartz 651. 
The Fabry-Perot resonator 65 is fixed on a support base 
61 which has excellent conductivity and is stabilized in 
terms of temperature. In this embodiment, in order to 
5 prevent the conduction of heat from an AC power 
source 55 to the Fabry-Perot resonator 65 through 
feeder lines 631 and 632, the 

First' and second insulating pads 661 and 662 having 
excellent heat conductivity are formed on the support 
10 base 61. One feeder line 631 from the AC power source 
55 is connected to a first pad 661 through a feeder line 
633 having high heat resistance. The first pad 661 and a 
second pad 662, and the second pads 662 and one elec- 
trode plate 654 of the Fabry-Perot resonator 65 are 
15 respectively connected to each other through feeder 
lines 671 and 672 having high heat resistance. As a 
result, the feeder line 631 is connected to the electrode 
65*. The other feeder line 632 (on the GND side) from 
the AC power source 55 is connected to the lower 
20 portion of the support base 61 through a feeder line 634 
having high heat resistance. The upper portion of the 
support base 61 is directly connected to the electrode 
plate 655 of the Fabry-Perot resonator 65. 
According to the above-described arrangement, a 
25 change in external temperature which is conducted 
through the feeder line 631 located outside the module 
is absorbed by the support base 61 through the first and 
second insulating pads 661 and 662. A change in exter- 
nal temperature which is conducted through the feeder 



or the like. However, even with such a countermeasure 30 line 631 is directly absorbed by the support base 61. 



against the influences of temperatures, the wavelength 
of the module varies upon influences of changes in 
external temperature. This is because heat is externally 
conducted to the piezoelectric element through feeder 
lines, and the length of the Fabry-Perot resonator varies 35 
due to the thermal expansion of the piezoelectric ele- 
ment 

FIG. 19 shows a semiconductor laser module and the 
third embodiment of its laser wavelength control appa- 
ratus according to the present invention, which is de- 40 
signed to solve this problem. In this arrangement, a 
Fabry-Perot resonator consists of a dielectric crystal 
having an electro-optic effect, e.g., the crystallized 
quartz in the above-described embodiments or UN0O3. 
That is, the present invention is applied to a case 45 
wherein modulation of an optical length is performed 
by using an electro-optic effect. The same reference 
numerals in FIG. 19 denote the same parts as in FIG. 16, 
and only a different part thereof will be described be- 
low. For the sake of a simple description, the beam 
splitter 36, the optical lens 37, and the first photodetec- 
tor 38 in FIG. 1 are omitted, and the laser wave-length 
control apparatus in FIG. 16 is employed. 

Referring to FIG. 19, a laser beam S\ emitted from 
one end of a semiconductor laser 31 is focused on an 
optical fiber 34 through optical lenses 32 and 33. A laser 
beam Sz emitted from the other end of the semiconduc- 
tor laser 31 is collimated by an optical lens 35 and is then 
guided to a Fabry-Perot resonator 65. The laser beam 
S21S modulated by the resonator 65 and is received by a 60 
photodetector 41 through an optical lens 40. 

Similar to the Fabry-Perot resonator shown in FIG. 
16, the Fabry-Perot resonator 65 is designed such that 
dielectric multilayer films are respectively deposited on 
the opposite surfaces of a rectangular parallelepiped 65 
dielectric crystal 651, which are perpendicular to an 
optical path, so as to form reflecting surfaces 652 and 
653, and electrode plates 654 and 655 are attached to 



50 



55 



Since the feeder lines 671 to 672 and 633 to 634 have 
high heat resistance, the Fabry-Perot resonator 65 is 
thermally isolated from the outside perfectly. There- 
fore, the semiconductor laser 31 and the Fabry-Perot 
resonator 65 are free from the influences of external 
temperatures, and especially variations in length of the 
Fabry-Perot resonator 65 due to temperatures can be 
prevented. This enables stable wave-length control. In 
addition, if a plurality of pads or wire members having 
high heat resistance are used and the GND side of the 
AC channel is directly fixed to a temperature-stabilizing 
member, temperature stability can be further improved. 

More stable laser wavelength control can be per- 
formed by combining the arrangements of the fourth 
and fifth embodiments with the arrangements shown in 
FIGS. 6, 8, 9, 10 and 13. 

Additional advantages and modifications will readily 
occur to those skilled in the art. Therefore, the inven- 
tion in. its broader aspects is not limited to the specific 
details, and representative devices, shown and de- 
scribed herein. Accordingly, various modifications may 
by without departing from the spirit or scope of the 
general inventive concept as defined by the appended 
claims and their equivalents. 
What is claimed is: 

1. An apparatus for controlling the oscillation wave- 
length of a laser, comprising: 

a semiconductor laser emitting a laser beam; 

a Fabry-Perot resonator receiving said emitted laser 
beam including a crystallized quartz bulk having 
two flat surfaces which are perpendicular to a C- 
axis direction and parallel and opposite to each 
other, said Fabry-Perot resonator being provided 
with dielectric multi layer films respectively depos- 
ited on the flat surfaces so as to form reflect filters 
which enable stable wavelength control, and said 
crystallized quartz bulk being on an optical axis of 
one of said laser beams emitted from said semicon- 
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ductor laser so that the C-axis direction is parallel 
to the optical axis of said semiconductor laser, 
thereby detecting a wavelength of incident light; 
and 

a photodetector receiving and photoelectrical! y con- 5 
verting light which is transmitted through said 
Fabry-Perot resonator to produce a signal con- 
nected to said semiconductor laser, thereby con- 
trolling the wavelength of said semiconductor la- 
ser. 10 

2. An apparatus according to claim 1, wherein each of 
the dielectric multilayer films of said Fabry-Perot reso- 
nator has a packing density of not less than 0.98. 

3. An apparatus according to claim 1, further com- 
prising a package for storing and air-tightly sealing at 15 
least said semiconductor laser and said Fabry-Perot 
resonator. 

4. An apparatus according to claim 3, wherein a high- 
purity inert gas is sealed in said package. 

5. An apparatus according to claim 4, wherein the 20 
inert gas consists of nitrogen 

6. An apparatus according to claim 1, further com- 
prising a package for storing and air-tightly sealing said 
Fabry-Perot resonator. 

7. An apparatus according to claim 6, wherein a high- 25 
purity inert gas is sealed in said package. 

8. An apparatus according to claim 6, wherein the 
inert gas consists of nitrogen. 

9. An apparatus according to claim l r wherein said 
Fabry-Perot resonator is inclined with respect to an 30 
optica] axis of incident light so as to deflect light, which 

is reflected by an incident side reflect filter, in an oppo- 
site direction toward a side on which said semiconduc- 
tor laser is mounted while preventing incidence of the 
reflected light on a radiation surface of said semicon- 35 
ductor laser. 

10. An apparatus according to claim 1, wherein said 
photodetector is a first photodetector and said appara- 
tus further comprises: 

light splitting means splitting a laser beam emitted 40 
from said semiconductor laser to said Fabry-Perot 
resonator, 

a second photodetector receiving and photoelectri- 
cally converting a laser beam split by said light 
splitting means; and 45 

a feedback controller for detecting a level difference 
between detection signals output from said first and 
second photodetectors, generating a detection sig- 
nal as an error signal, and controlling an oscillation 
wavelength of said semiconductor laser so as to 50 
decrease the error signal. 

11. An apparatus according to claim 1, wherein said 
Fabry-Perot resonator is formed into a rectangular par- 
allelepiped shape and comprises electrode plates respec- 
tively attached to a pair of surfaces parallel to the C 55 
axis, and said semiconductor laser apparatus further 
comprises: 

an AC power source for applying an AC signal to the 
electrode plates of said Fabry-Perot resonator; 

a synchronous detection circuit performing synchro- 60 
nous detection of a detection signal output from 
said photodetector receiving and photoelectrical! y 
converting a laser beam which is transmitted 
through said Fabry-Perot resonator on the basis of 
the AC signal output from said AC power source; 65 
and 

a feedback controller identifying a detection signal 
from said synchronous detection circuit with an 



error signal, and controlling an oscillation wave- 
length of said semiconductor laser so as to decrease 
the error signal. 

12. An apparatus according to claim 11, further com- 
prising connecting means, having not less than one 
electrode pad whose temperature is stabilized, for con- 
necting the electrode plates of said Fabry-Perot resona- 
tor to said AC power source through the electrode pads 

13. An apparatus according to claim 12, wherein said 
connecting means uses wire members for feeder lines 
for connecting said pads to said electrode plates, said 
wire members being higher in heat resistance than wire 
members for feeder lines for connecting said pads to 
said AC power source. 

14. An apparatus according to claim 1, wherein said 
Fabry-Perot resonator is formed into a rectangular par- 
allelepiped shape and comprises electrode plates at- 
tached to a pair of surfaces parallel to the C axis and said 
semiconductor laser apparatus further comprises: 

a synchronous detection circuit, connected to the 
electrode plates of said Fabry-Perot resonator and 
constituting an oscillation circuit having the crys- 
tallized quartz bulk as an oscillator, performing 
synchronous detection of a detection signal output 
from said photodetector receiving and photoelec- 
trical^ converting a laser beam which is transmit- 
ted through said Fabry-Perot resonator on the basis 
of an oscillation signal generated by said oscillation 
circuit; and 

a feedback controller identifying a detection signal 
from said synchronous detection circuit with an 
error signal, and controlling an oscillation wave- 
length of said semiconductor laser so as to decrease 
the error signal. 

15. An apparatus for controlling the oscillation wave- 
length of a laser, comprising: 

a semiconductor laser emitting a laser beam; 

a Fabry-Perot resonator receiving said emitted laser 
beam and having two types bulk having different 
temperature coefficients bonded to each other and 
formed into a bulk assembly by dielectric multi-. 
layer films being respectively deposited on two flat 
surfaces of said bulk assembly, which are parallel 
and opposite to each through bonding surfaces of 
said bulks, thereby forming reflect filters which 
enables stable wavelength control, said bulk assem- 
bly being on an optical axis of one of said laser 
beams emitted from said semiconductor laser so 
that the flat surfaces are perpendicular to the opti- 
cal axis of said semiconductor laser, thereby detect- 
ing a wavelength of incident light; and 

a photodetector receiving and photoelectrical ly con- 
verting light which is transmitted through said' 
Fabry-Perot resonator to produce a signal con- 
nected to said semiconductor laser, thereby con- 
trolling the wavelength of said semiconductor la- 
ser. 

16. An apparatus according to claim 15, wherein one 
of the bulks of said Fabry-Perot resonator consists of 
crystallized quartz and the other bulk consists of rutile. 

17. An apparatus according to claim 15, wherein one 
of the bulks of said Fabry-Perot resonator consists of 
fused silica and the other bulk consists of rutile. 

18. An apparatus according to claim 15, wherein each 
of the dielectric multilayer films of said Fabry-Perot 
resonator has a packing density of not less than 0.90. 

19. An apparatus according to claim 15, further com- 
prising a package for storing and air-tightly sealing at 
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least said semiconductor laser and said Fabry-Perot 
resonator. 

20.. An apparatus according to claim 19, wherein a 
high-purity inert gas is sealed in said package. 

21. An apparatus according to claim 20, wherein the 5 
inert gas consists of nitrogen. 

22. An apparatus according to claim 15, further com* 
prising a package for storing and air-tightly sealing said 
Fabry-Perot resonator. 

23. An apparatus according to claim 22, wherein a 10 
high-purity inert gas is sealed in said package. 

24. An apparatus according to claim 22, wherein the 
inert gas consists of nitrogen 

25. An apparatus according to claim 15, wherein said 
Fabry-Perot resonator is inclined with respect to an 15 
optical axis of incident light so as to deflect light, which 

is reflected by an incident side reflect filter, in an oppo- 
site direction toward a side on which said semiconduc- 
tor laser is mounted while preventing incidence of the 
reflected light on a radiation surface of said semicon- 
ductor laser. 

26. An apparatus according to claim 15, wherein said 
photodetector is a first photodetector and said appara- 
tus further comprises: 25 

light splitting means splitting a laser beam emitted 
from said semiconductor laser to said Fabry-Perot 
resonator; 

a second photodetector receiving and photoelectri- 
cally converting a laser beam split by said light jq 
splitting means; and 

a feedback controller detecting a level difference 
between detection signals output from said first and 
second photodetectors, generating a detection sig- 
nal as an error signal, and controlling an oscillation 35 
wavelength of said semiconductor laser so as to 
decrease the error signal. 

27. An apparatus according to claim 15, wherein said 
Fabry-perot resonator is formed into a rectangular par- 
allelepiped shape and comprises a pair of electrode 40 
plates respectively attached to opposite surfaces of said 
rectangular parallelepiped shape, and said semiconduc- 
tor laser apparatus further comprises: 

an AC power source applying an AC signal to the 
pair of electrode plates of said Fabry-Perot resona- 45 
tor; 



a synchronous detection circuit performing synchro- 
nous detection of a detection signal output from 
said photodetector receiving and photoelectrically 
converting a laser beam which is transmitted 
through said Fabry-perot resonator; on the basis of 
the AC signal output from said AC power source; 
and 

a feedback controller identifying a detection signal 
from said synchronous detection circuit with an 
error signal, and controlling an oscillation wave- 
length of said semiconductor laser so as to decrease 
the error signal. 

28. An apparatus according to claim 27, further com- 
prising connecting means, having not less than one 
electrode pad whose temperature is stabilized, connect- 
ing the pair of electrode plates of said Fabry-Perot 
resonator to said AC power source through the elec- 
trode pads. 

29. An apparatus according to claim 28, wherein said 
connecting means uses wire members for feeder lines 
connecting said pads to said electrode plates, said wire 
members being higher in heat resistance than wire mem- 
bers for feeder lines for connecting said pads to said AC 
power source. 

30. An apparatus according to claim 15, wherein said 
Fabry-Perot resonator is formed into a rectangular par- 
allelepiped shape and comprises a pair of electrode 
plates attached to opposite surfaces of said rectangular 
parallelepiped shape, and said semiconductor laser ap- 
paratus further comprises: 

a synchronous detection circuit connected to the pair 
of electrode plates of said Fabry-Perot resonator 
and constituting an oscillation circuit having the 
crystallized quartz bulk as an oscillator, performing 
synchronous detection of a detection signal output 
from said photodetector receiving and photoelec- 
trically converting a laser beam which is transmit- 
ted through said Fabry Perot resonator on the basis 
of an oscillation signal generated by said oscillation 
circuit; and 

a feedback controller for identifying a detection sig- 
nal from said synchronous detection circuit with an 
error signal, and controlling an oscillation wave- 
length of said semiconductor laser so as to decrease 
the error signal. 
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